Toxicity evaluation of copper and zinc cyanide complexes using Euglena gracilis Z and SMZ as an in-vivo model by Al-Saadi, Raghad
  
 
 
Toxicity Evaluation of Copper and Zinc Cyanide Complexes 
 Using 
Euglena gracilis Z and SMZ as an in-vivo Model 
 
Raghad Nathom Al-Saadi 
Bachelor Degree in Veterinary Medicine and Surgery 
Degree of Master of Science in Veterinary Medicine (Pathology) 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2015 
School of Medicine 
National Research Centre for Environmental Toxicology  
  
1 
 
Abstract 
Gold cyanidation is the most used technique worldwide despite cyanide being highly toxic. The 
reaction of cyanide with metals such as copper and zinc during or after gold recovery builds up 
moderate and weak metal–cyanide complexes in tailings storage facilities (TSFs) which if not 
managed may find their way into the environment. 
Migratory birds and other waterfowl that ingest with the tailings water or waste discharged from 
cyanidation operations have the potential to cause adverse effects mainly due to the highly toxic 
free cyanide (HCN + CN-) and free cyanide released from metal-cyanide complexes particularly 
under acid condition.  
The International Cyanide Management Code (ICMC) has set 50 mg/L of weak acid dissociable 
(WAD) cyanide discharge into tailings dam as a protective guideline for birds and biota. However, 
this guideline value was established based on field observations and is not based directly on 
scientific toxicological data as identified by NICNAS and this remains a knowledge gap. 
The toxicity of cyanide and metal-cyanide complexes was assessed using Euglena gracilis strains Z 
and SMZ. The unique plant- and animal-like properties of Euglena gracilis, and its tolerance to a 
wide range of pH values including acid pH which is similar to that of the upper gastrointestinal tract 
of birds where dissociation of metal-cyanide complexes take place, offer a distinct advantage over 
other algal cells to be selected for this project. 
Euglena gracilis Z and SMZ strains were exposed to copper sulfate, zinc sulfate, sodium cyanide, 
copper- and zinc-cyanide complexes mixed species solutions and one tailings sample for 24 h and 
48 h. Two methods for the assessment of inhibitory concentration at 50% (IC50) were applied 
namely an optical density measurement at the absorbance wavelength 610 nm and a modified 
resazurin assay. The modified resazurin assay provided more robust and reproducible results.  
The 48 h exposure showed that CuSO4 induced toxicity to Z (IC50= 20 mg Cu/L) and SMZ (IC50= 
116 mg Cu/L). Zinc sulfate showed limited toxicity to both strains of E. gracilis with high IC50 
values (IC50=565 mg Zn/L) for Z and (IC50=1490 mg Zn/L) for SMZ.  
Based on a WAD CN molar basis the cytotoxicity data (IC50) for E. gracilis Z in the order of: 
NaCN (1.24 mg CN/L, 95% CI: 1.03 to 1.5) ~ zinc-cyanide complex mixed species (1.61 mg CN/L, 
95% CI:1.3 to 2) > copper-cyanide complex mixed species (4.17 mg CN/L, 95% CI:3.7 to 4.7) and 
for SMZ cells in the order of NaCN (1.02 mg CN/L, 95% CI:0.91 to 1.1) > zinc-cyanide complex 
mixed species (2.13 mg CN/L, 95% CI:1.7 to 2.7) > copper-cyanide complex mixed species (5.54 
mg CN/L, 95% CI:5 to 6.1), respectively. 
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Further, the chicken was used as a surrogated model for the migratory birds to determine the effects 
of short-term exposure to sub-lethal doses of sodium cyanide, copper-cyanide complex mixed 
species, zinc-cyanide complex mixed species and gold mine tailings sample contains less than the 
ICMC guideline (50 mg WAD CN/L). Based on the CN released it has been found that the toxicity 
(in chickens) is in the order of:  
NaCN > zinc-cyanide complex mixed species > copper-cyanide complex mixed species. 
Calibration of toxicity of NaCN to E. gracilis against chicken showed a good relationship 
(correlation coefficient R2= 0.9858 and 0.9663 for Z and SMZ, respectively) between the two 
models, giving a predictive equation for the safe CN level in the water that migratory birds may 
consume if accessing TSFs at gold mines. 
No clinical signs were observed in chickens treated with tailings water contains 22 mg/L WAD CN. 
However, from the predictive equations it was concluded that the current ICMC guideline of 50 mg 
WAD CN/L may not be totally safe to some bird species such as Mallard duck Anas platyrhynchos, 
American kestrel (AK) and Black vulture (BV) based on comparison with existing toxicity data for 
these species. 
In addition, this study provides a practical guidance for the risk assessment of biota from cyanide 
exposure using Euglena gracilis that can potentially replace the conventional toxicity testing of a 
bird species (or chicken) and can reduce routine chemical cyanide speciation measurements. The 
latter is restricted by the availability of only a few analytical laboratories in the country and 
requirement for sample preservation.  
This study confirmed that Euglena gracilis Z and SMZ can be used as a screening tool to monitor 
toxicity of copper- and zinc-cyanide complexes that are present in gold mining tailings. 
In order to use this bioassay organism for cyanide and metal-cyanide complexes assessment, further 
laboratory and fieldwork may be required to calibrate the toxicity of other metal-cyanide complexes 
with the chicken model and evaluated the toxicity of cyanide and WAD CN considering multiple-
doses. It is worthy of notice that the use of wild birds for toxicity testing is ethically impossible. 
Therefore the chicken model is a good alternative.
3 
 
Declaration by author 
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due reference has been made in the text. I have clearly 
stated the contribution by others to jointly-authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my research higher degree 
candidature and does not include a substantial part of work that has been submitted to qualify for 
the award of any other degree or diploma in any university or other tertiary institution. I have 
clearly stated which parts of my thesis, if any, have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis. 
 
4 
 
Publications during candidature 
 
Noller, B N, Ng, J C, Shini, S, Breuer, P L, Sichani-Teimouri, H and Alsaadi, R N. 2014. 
Development of a toxicity approach to evaluate free cyanide and metal cyanide complexes in waters 
associated with gold and other mining, in Proceedings Life-of-Mine 2014, The Australasian 
Institute of Mining and Metallurgy, Melbourne, 573–590. 
 
Alsaadi, R N, Sichani-Teimouri, H, Noller, B N, Ng, J C. 2014. Euglena gracilis: A unicellular cell 
tool for the toxicity assessment of cyanide and cyanide-metal complexes in gold mine tailings. 4th 
Annual International Congress of Environment-2014, China, 240. 
  
Publications included in this thesis 
 
1. Noller, B N, Ng, J C, Shini, S, Breuer, P L, Sichani-Teimouri, H and Alsaadi, R N, 2014. 
Development of a toxicity approach to evaluate free cyanide and metal cyanide complexes in 
waters associated with gold and other mining, in Proceedings Life-of-Mine 2014, The 
Australasian Institute of Mining and Metallurgy, Melbourne, 573–590 – incorporated in Chapter 
4. 
 
 
 
Contributor Statement of contribution 
Author Alsaadi, R N Designed experiments (40%) 
Wrote the paper (30%) 
Author Noller, B N Designed experiments (5%) 
Wrote and edited paper (20%) 
Author Ng, J C Designed experiments (20%) 
Wrote and edited paper (10%) 
Author Shini, S Designed experiments (5%) 
Wrote and edited paper (5%) 
Author Breuer, P L Wrote and edited paper (5%) 
Author Sichani-Teimouri, H Designed experiments (30%) 
Wrote and edited paper (30%) 
Authors Alsaadi, R N, Noller, B N, Ng, J C, Statistical analysis of data in Figures 2, 3 and 
5 
 
Shini, S, Breuer, P L and Sichani-Teimouri, 
H 
 
4 and in Tables 5 and 6 
 
 
 
 
2. Alsaadi, R N, Sichani-Teimouri, H, Noller, B N, Ng, J C. 2014. Euglena gracilis: An unicellular 
cell tool for the toxicity assessment of cyanide and cyanide-metal complexes in gold mine 
tailings. 4th Annual International Congress of Environment-2014, China, 240 – incorporated in 
Chapter 6. 
 
 
 
Contributor Statement of contribution 
Author Alsaadi, R N Designed experiments (40%) 
Wrote the abstract (30%) 
Author Sichani-Teimouri, H Designed experiments (30%) 
Wrote and edited abstract (30%) 
Author Noller, B N Designed experiments (5%) 
Wrote and edited abstract (20%) 
Author Ng, J C Designed experiments (25%) 
Wrote and edited abstract (20 %) 
 
6 
 
Contributions by others to the thesis  
 
I would like to acknowledge the assistance of the following people during my PhD study:  
 Principal Advisor Professor Jack Ng- in project conception, design and analysis, Prof Ng 
has been involved in all stages of this PhD experimental design, analysis and data analysis. 
 Associate Advisor Associate Professor Barry Noller- for his supervision and guidance.  
 Associate Advisor Dr. Shaniko Shini- for her guidance with the animal experiments.  
 
 
 
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
“None” 
7 
 
Acknowledgements 
I would like to express my sincere appreciation to my Principal Advisor Professor Jack Ng, 
Associate Advisors Professor Barry Noller and Dr. Shaniko Shini for their endless guidance and 
support during this study. 
I would also like to thank the Principal Research Scientist Dr. Paul Breuer for his enormous help, 
advice, technical and analytical support for cyanide measurement in the CSIRO Process Science 
and Engineering Laboratory, Conlon Street, Waterford WA 6152, Australia. Dr. Paul Breuer 
generated the speciation modelling diagrams for copper- and zinc-cyanide mixtures by using the 
OLI thermodynamic modelling software. This assistance was a fundamental input to this project.  
I would like to express my special appreciation and thanks to Professors Barry Chiswell and Dee 
Bradshaw for their helpful comments and revisions of this work. I would also like to thank 
Associate Professor Lucio Filippich, former Associate Advisor who has since retired for his support 
and wisdom. 
I am particularly thankful to Dr. Sharon Grant for her assistance with the calculation of prediction 
model of cyanide. I would like to show my great appreciation to Mr. Ling Jin for his assistance with 
the statistical analysis. I would like to thank Dr. Cheng Peng for his support and encouragement. 
I extend my thanks to the Director of the National Research Centre for Environmental Toxicology 
(Entox) Professor Matti Lang and all students and staff for their support and encouragement.  
I wish to thank the Ministry of Higher Education & Scientific Research in Iraq for providing this 
scholarship and the Iraqi Cultural Office in Australia for their supportive atmosphere during this 
PhD. I would also like to thank “ANNANDALE “research grant scheme for the fund made 
available for the chicken experiments.  
I give thanks to my dad Mr. Nathom Al-Saadi and my mother Mrs Najlaa Al-Saffar for their love, 
encouragement and financial support. Accomplishment of this work would not have been possible 
without their wish for my higher education despite all the challenges that they are facing.  
I am also very grateful for the rest of my life to my husband Omar Al-Mukhtar for making my 
dreams a reality and for his sacrifice, patient, love, help and endless support during this journey. I 
appreciated all the moments we spent sharing my hindrances and achievements.  
I am so fortunate to have spent these studying years with two loving kids Wafiya and Asser and I 
am so thankful for each and every time they smile. To my dearest children, I cannot excuse my 
absence from home while I was busy doing my study seven days a week but I wish you both can 
understand that I did it to give you a chance to create a better future for yourself.  
8 
 
My heartfelt thanks go to my brother Mohammad Al-Saadi and my sister Sabah Al-Saadi for their 
support, love and taking care of my parents while I am overseas. 
Finally, my great thanks to all my family members and friends who supported me during the years 
of hard work for this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9 
 
Keywords 
Sodium cyanide, copper cyanide, zinc cyanide, Euglena, oral toxicity, chickens, mine tailings.  
 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 050204, Environmental Impact Assessment, 40% 
ANZSRC code: 050206, Environmental Monitoring, 30% 
ANZSRC code: 111506, Toxicology, 30% 
 
Fields of Research (FoR) Classification 
FoR code: 0502, Environmental science and management, 80% 
FoR code: 1115, Pharmacology and pharmaceutical sciences, 20% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
Table of Contents 
 
Abstract…..........................................................................................................................................1 
Table of Contents ............................................................................................................................... 10 
List of Figures .................................................................................................................................... 13 
List of Tables ..................................................................................................................................... 16 
List of Appendices ............................................................................................................................. 18 
List of Abbreviations ......................................................................................................................... 19 
 : Literature Review ............................................................................................................ 20 Chapter 1
1.1 Introduction ...................................................................................................................... 20 
1.2 The use of cyanide in mining ........................................................................................... 23 
1.3 Cyanide ............................................................................................................................ 24 
1.3.1 Cyanide chemistry and speciation ................................................................................... 24 
1.3.2 Metal-cyanide complexes ................................................................................................ 25 
1.3.3 Environmental fate of cyanide ......................................................................................... 28 
1.3.4 Analytical methods .......................................................................................................... 29 
1.3.5 Sampling and sample preservation .................................................................................. 30 
1.4 Risk assessment ............................................................................................................... 31 
1.4.1 Outline of risk assessment ............................................................................................... 31 
1.4.2 Human health risk assessment ......................................................................................... 31 
1.4.3 Ecological risk assessment............................................................................................... 34 
1.5 Toxicity ............................................................................................................................ 36 
1.5.1 Toxicity of cyanide to human beings ............................................................................... 36 
1.5.2 Toxicity of cyanide and metal complexes to wildlife including birds ............................. 38 
1.5.3 Copper and zinc toxicity to aquatic microorganisms and algae ...................................... 40 
1.5.4 Copper and zinc toxicity in birds ..................................................................................... 41 
1.5.5 Current methods (in-vivo and in-vitro) for the assessment of cyanide and metal-cyanide 
complexes toxicity of copper and zinc ............................................................................ 43 
1.6 Euglena gracilis Z and SMZ as in-vivo models ............................................................... 43 
1.7 Resazurin cell viability assay ........................................................................................... 44 
1.8 Summary of the literature findings .................................................................................. 45 
 : Hypothesis Development ................................................................................................ 47 Chapter 2
2.1 Hypotheses of the research .............................................................................................. 47 
2.2 Objectives ........................................................................................................................ 47 
2.3 Research problem ............................................................................................................ 47 
2.4 Aim .................................................................................................................................. 48 
 : General Materials and Methods ...................................................................................... 49 Chapter 3
3.1 Preparation of copper-and zinc-cyanide complexes ........................................................ 49 
3.2 Chemicals, consumables and media ................................................................................ 51 
3.3 Tailings samples .............................................................................................................. 51 
3.4 Analysis of cyanide solutions .......................................................................................... 52 
3.5 Euglena gracilis Z and SMZ culturing ............................................................................. 52 
3.5.1 Test procedure.................................................................................................................. 53 
3.6 Toxicity evaluation of cyanide and metal-cyanide complexes in the chicken ................ 55 
3.6.1 Chicken and housing ........................................................................................................ 56 
3.6.2 Diet................................................................................................................................... 56 
3.6.3 Experimental design ........................................................................................................ 56 
3.7 Monitoring parameters and sampling procedure ............................................................. 57 
3.7.1 Clinical signs.................................................................................................................... 57 
3.7.2 Body temperature ............................................................................................................. 57 
3.7.3 Fate of birds ..................................................................................................................... 58 
11 
 
3.7.4 Necropsy .......................................................................................................................... 58 
3.7.5 Alimentary track pH measurements ................................................................................ 58 
3.7.6 Inductively Coupled plasma Mass Spectrophotometer ICP-MS analysis for liver and 
kidney............................................................................................................................... 59 
3.8 Statistical Analysis ........................................................................................................... 59 
Chapter 4 : Developing a practical cytotoxicity assay using Euglena gracilis to measure the toxicity 
of metal-cyanide complexes ............................................................................................................... 61 
4.1 Introduction ...................................................................................................................... 61 
4.2 Materials and Methods..................................................................................................... 64 
4.2.1 Bioassays ......................................................................................................................... 64 
4.2.2 Measuring the half maximal inhibitory concentration (IC50) of Euglena gracilis Z and 
SMZ by comparing cell turbidity at 610 nm .................................................................... 64 
4.2.3 Development of resazurin assay to measure the half maximal inhibitory concentration 
(IC50) of Euglena gracilis Z and SMZ .............................................................................. 65 
4.2.3.1 Adjustment of the experimental condition .......................................................................... 65 
4.2.3.2 Time of incubation............................................................................................................... 67 
4.2.3.3 Resazurin technique ............................................................................................................. 68 
4.2.4 Monitoring the growth rate and viability of Euglena gracilis by counting with a 
haemocytometer ............................................................................................................... 69 
4.2.5 Testing a tailings solution ................................................................................................ 70 
4.3 Cytotoxicity Results ......................................................................................................... 71 
4.3.1 Toxicity of metal and metal-cyanide complexes to Euglena gracilis Z and SMZ using 
spectrophotometry (cell turbidity at 610 nm) .................................................................. 71 
4.3.2 Toxicity of metal and metal-cyanide complexes to E. gracilis using resazurin assay .... 75 
4.3.3 Tailings sample ................................................................................................................ 81 
4.4 Discussion ........................................................................................................................ 83 
4.4.1 Comparison Composite and K-H media .......................................................................... 83 
4.4.2 Comparison of optical density and resazurin assay ......................................................... 84 
4.4.3 Evaluation of the toxicity of cyanide and metal-cyanide complexes .............................. 85 
4.4.4 Comparison of the toxicity of cyanide and metal-cyanide complexes ............................ 87 
4.4.5 Toxicity of the tailings sample to Euglena gracilis ......................................................... 88 
4.5 Conclusion ....................................................................................................................... 89 
Chapter 5 : Evaluation of the toxicity of sodium cyanide, copper-cyanide and zinc-cyanide 
complexes and a mine tailings solution in chickens .......................................................................... 91 
5.1 Introduction ...................................................................................................................... 91 
5.2 Materials and Methods..................................................................................................... 94 
5.2.1 Calculation of the oral dose ............................................................................................. 94 
5.2.2 Animals and Experimental Design .................................................................................. 99 
5.2.3 Measurements and Sampling ......................................................................................... 101 
5.2.4 Statistical analyses ......................................................................................................... 103 
5.3 Results ............................................................................................................................ 103 
5.3.1 Clinical signs.................................................................................................................. 103 
5.3.2 Body temperature ........................................................................................................... 105 
5.3.3 Pathological and histological changes ........................................................................... 109 
5.3.4 Data on the pH of gastrointestinal tract content ............................................................ 114 
5.3.5 Concentrations of heavy metals (Cu and Zn) in the liver and kidney of chickens in 
control and treatment groups ......................................................................................... 122 
5.4 Discussion ...................................................................................................................... 123 
5.4.1 Sodium cyanide poisoning in chicken ........................................................................... 123 
5.4.2 Safe dose of sodium cyanide ......................................................................................... 124 
5.4.3 Toxicity of copper-cyanide and zinc-cyanide complexes mixed species in chickens ... 125 
12 
 
5.4.4 Effects of tailings sample on chickens ........................................................................... 126 
5.5 Conclusion ..................................................................................................................... 127 
Chapter 6 : Relationship of Euglena gracilis and chicken toxicity to predict cyanide toxicity using a 
risk assessment approach ................................................................................................................. 129 
6.1 Introduction .................................................................................................................... 129 
6.2 Materials and Methods................................................................................................... 130 
6.2.1 Correlation between cyanide toxicity in chickens and Euglena gracilis ....................... 130 
6.2.2 Safe dose of sodium cyanide for selected bird species .................................................. 130 
6.3 Results and Discussion .................................................................................................. 131 
6.3.1 Relationship of Euglena gracilis and chicken toxicity to predict cyanide toxicity ....... 131 
6.3.2 Safe dose of NaCN for other bird species...................................................................... 137 
6.3.3 Application of the predictive model for cyanide ........................................................... 138 
6.3.4 Comparing the safe level of cyanide in some bird species with the 50 mg/L WAD CN 
value ............................................................................................................................... 140 
6.3.5 Comparison of sodium cyanide and metal-cyanide complexes toxicity in chickens and 
Euglena gracilis ............................................................................................................. 141 
6.4 Conclusion ..................................................................................................................... 142 
Chapter 7 : General Discussion ........................................................................................................ 143 
7.1 Review of Aims and Objectives .................................................................................... 143 
7.2 Use of Euglena gracilis Z and SMZ to understand toxicity mechanism of cyanide ...... 144 
7.3 Generalise model for predicting and assessing cyanide toxicity using Euglena gracilis
 147 
7.4 General toxicological assessment for the 50 mg/L ICMC benchmark value ................ 150 
Chapter 8 : Conclusion and Future work ......................................................................................... 151 
 
References ………………………………………………………………………………………...154 
Appendices………………………………………………………………………………………...165 
 
 
 
 
 
 
 
 
 
 
 
 
 
13 
 
List of Figures 
Figure  1-1: A flowchart illustrating work tasks and key chapters of the thesis ................................. 22 
Figure  1-2: Distribution of HCN and CN- in aqueous solution (Johnson 2015)................................ 25 
Figure  1-3: Classification of cyanides modified (Botz 2001) ............................................................ 26 
Figure  1-4  Zinc II species distribution in cyanide aqueous solution (Theis and West 1986; Rajat et 
al. 2005) ............................................................................................................................................. 27 
Figure  1-5: Eh-pH diagram of copper-cyanide species in aqueous solution at 25°C. Cu = 5 × 10−5 
M, CN− = 6 × 10−4 M (Seke and Pistorius 2006) .............................................................................. 27 
Figure  1-6: Emission of cyanide from tailings storage facilities (NPI 2001) .................................... 29 
Figure  1-7: Environmental health risk assessment framework (enHealth 2012) ............................... 33 
Figure  1-8: Ecological Risk Assessment framework (USEPA 1998) ................................................ 35 
Figure  1-9: Inhibition of cytochrome oxidase by binding of cyanide to the ferric ion in (cytochrome 
oxidase a3) within the mitochondrion (Hamel 2011) ......................................................................... 36 
Figure  1-10: Classification and taxonomy of Euglena (NODC 1996) .............................................. 44 
Figure  1-11: Reduction of oxidised form (resazurin) to (resorufin) (Buranrat  et al. 2008) .............. 45 
Figure  3-1: Changes in speciation with pH for CuCN: NaCN= 1:3 (this diagram was generated by 
Dr. Paul Breuer using the OLI thermodynamic modelling software) ................................................ 50 
Figure  3-2: Changes in speciation with pH for Zn(CN)2:NaCN = 1: 2 (this diagram was generated 
by Dr. Paul Breuer using the OLI thermodynamic modelling software) ........................................... 50 
Figure  3-3: Broiler chickens housed in cages in a secure room at the Queensland Animal Science 
Precinct (QASP), Gatton Campus, the University of Queensland ..................................................... 56 
Figure  4-1: Fluorescence signal of the Koren-Hutner medium at pH 7 (blank and controls) 
throughout the incubation time of 4 h. Each bar is the mean ± SD, n=3 and two repeats ................. 66 
Figure  4-2: Fluorescence signal of the PBS at pH 7 (blank and controls) throughout the incubation 
time of 4 h. Each bar is the mean ± SD, n=3 and two repeats ........................................................... 66 
Figure  4-3: Fluorescence signal of the filtered water at pH 7 (blank and controls) throughout the 
incubation time of 4 h. Each bar is the mean ± SD, n=3 and two repeats ......................................... 67 
Figure  4-4: Metabolic activity (fluorometric changes) for Z and SMZ cells as a function of 
incubation time with resazurin. Each point is the mean ± SD, n=3 and two repeats ......................... 68 
Figure  4-5: Conversion of resazurin (blue colour) to resorufin (pink colour) after incubation time by 
SMZ cells seeded to a 96 well plate. .................................................................................................. 69 
Figure  4-6: (A) Filtration of tailings sample, (B) incubation of Z cells with the toxicant (filtered 
tailings solution) in closed bottles (closed system) ............................................................................ 70 
Figure  4-7: 48 h growth inhibition curve for E. gracilis Z and SMZ in Composite medium pH 5 
exposed to various concentrations of CuSO4.5H2O, ZnSO4.7H2O and NaCN. Each point is mean ± 
SD, n=5 and two repeats .................................................................................................................... 72 
Figure  4-8: 48 h growth inhibition curve for E. gracilis Z and SMZ in K-H medium pH 3.5 exposed 
to various concentrations of CuSO4.5H2O, ZnSO4.7H2O, NaCN, copper-cyanide complex mixed 
species and zinc-cyanide complex mixed species. Each point is mean ± SD, n=5 and three repeats 75 
Figure  4-9: 48 h growth inhibition curve for E. gracilis Z and SMZ exposed to CuSO4.5H2O, 
ZnSO4.7H2O, NaCN, copper-cyanide complex mixed species and zinc-cyanide complex mixed 
species measured by resazurin assay. Each point is mean ± SD, n=6 and three repeats ................... 78 
14 
 
Figure  4-10: Multiple comparisons for IC50 values for Euglena gracilis strain Z (left) and SMZ 
(right) after 48 h exposure to sodium cyanide, copper-cyanide complex mixed species and zinc-
cyanide complex mixed species ......................................................................................................... 79 
Figure  4-11: 48 h growth inhibition curve for E. gracilis Z and SMZ exposed to zinc-cyanide 
complex mixed species measured by counting of Z and SMZ cells. Each point is mean ± SD, n=6 
and two repeats................................................................................................................................... 80 
Figure  4-12: Multiple comparisons of IC50 values for Euglena gracilis strain Z (left) and SMZ 
(right) after 48 h exposure to zinc-cyanide complex mixed species obtained from absorbance 610 
nm, resazurin assay and counting cells .............................................................................................. 81 
Figure  5-1: Body temperature of chickens after administration of 2.27 mg CN/kg BW (Group A) 
and 0.89 mg CN/kg BW (Group B) of NaCN (mean±SD; for Group A treatment group n=3, control 
group n=5 and Group B treatment group n=2, control group n=2) ................................................. 106 
Figure  5-2: Body temperature (mean±SD; treatment group n=3, control group n=2) after dosing 
chickens with 0.4 mg CN/kg BW (Group C), 0.2 mg CN/kg BW (Group D) of NaCN at 1, 6 and 24 
h ........................................................................................................................................................ 106 
Figure  5-3: Body temperature (mean±SD; treatment group n=3, control group n=2) of chickens 
treated with copper-cyanide complex mixed species, 3.6 mg WAD CN/kg BW (Group A), 2.8 mg 
WAD CN/kg BW (Group B) and 0.91 mg WAD CN/kg BW (Group C) ....................................... 107 
Figure  5-4: Body temperature (mean±SD; treatment group n=3, control group n=2) of chickens 
treated with zinc-cyanide complex mixed species, 2.64 mg WAD CN/kg BW (Group B), 1.08 mg 
WAD CN/kg BW (Group C) and 0.54 mg WAD CN/kg BW (Group D) ....................................... 108 
Figure  5-5: Body temperature (mean±SD; treatment group n=3, control group n=3 for each 
sampling point) of chickens treated with tailings sample (Group A) in volume equivalent to 10% of 
the body weight (0.22 mg WAD CN/kg BW) and (Group B) in volume equivalent to 20% of the 
body weight (0.44 mg WAD CN/kg BW) ....................................................................................... 109 
Figure  5-6: (a) Normal crop from a control chicken filled with food; and (b) Crop of a chicken 
treated with 2.27 mg CN/kg BW (Group A) 6 h post dosing, showing haemorrhage, congestion and 
was empty from food ....................................................................................................................... 110 
Figure  5-7: (a) Liver from a control chicken showing normal appearance; and (b) Liver of a chicken 
treated with 2.27 mg CN/kg BW (Group A) that died after 20 min of dosing, showing severe 
congestion ........................................................................................................................................ 110 
Figure  5-8: (a) H&E stained of a normal heart muscle; and (b) Heart muscle of a chicken treated 
with 2.27 mg CN/kg BW (Group A) that died after 20 min of dosing, showing haemorrhage as 
viewed under normal light microscope (x100) ................................................................................ 111 
Figure  5-9: (a) Liver from a chicken treated with (3.6 mg WAD CN/kg BW) of copper-cyanide 
mixed species (Groups A), showed necrosis and haemorrhage; (b) Microscopic view of a normal 
histologic specimen of chicken’s liver from control group (x100, H&E) ....................................... 112 
Figure  5-10: Intestine of a chicken treated with the tailings solution in volume at 20% of the body 
weight (Group B, 0.44 mg WAD CN/kg BW) 2 h post dosing, showing haemorrhage and 
congestion ........................................................................................................................................ 113 
Figure  5-11: (a) Normal chicken liver histology from control group; and (b) Liver from a chicken 
treated with the tailings solution in volume at 20% of the body weight (Group B, 0.44 mg WAD 
CN/kg BW) after 2h of administration showed inflammatory cells distributed in the liver 
(heterophils). Heterophils are around the bile duct .......................................................................... 113 
Figure  5-12: (a) Histological section of a normal chicken’s kidney from control group; and (b) 
Histological section of a chicken’s kidney treated with the tailings solution in volume 20% of the 
15 
 
body weight (Group B, 0.44 mg WAD CN/kg BW) showing slight changes in the kidney and 
cellular infiltration after 24 h of dosing ........................................................................................... 114 
Figure  6-1: Plot of log-doses versus probits from Table 6-1 ........................................................... 133 
Figure  6-2:  Plot of lethal doses (LDS) mg CN/kg BW in chickens and the lethal concentrations 
(LCS) mg CN/L in Euglena gracilis Z (for NaCN toxicity) using a power function ....................... 135 
Figure  6-3: Plot of lethal doses (LDS) mg CN/kg BW in chickens and the lethal concentrations 
(LCS) mg CN/L in Euglena gracilis SMZ (for NaCN toxicity) using a power function ................. 136 
Figure  6-4: Estimation of safe concentrations of cyanide for Mallard Anas platyrhynchos using the 
predictive model with Euglena gracilis Z ........................................................................................ 140 
Figure  7-1: Conceptual flow chart for using Euglena gracilis Z and SMZ (as an in-vivo model) to 
predict cyanide toxicity in gold mines ............................................................................................. 149 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16 
 
List of Tables 
Table  1-1: Equilibrium constants for copper (I) and zinc-cyanide complexes (Rajat et al. 2005; 
Marsden and House 2006) ................................................................................................................. 26 
Table  1-2: Human response to the different concentrations of HCN in the atmosphere and the time 
since exposure (Environment Australia 2003) ................................................................................... 37 
Table  1-3: Effects of cyanide on various animals .............................................................................. 39 
Table  1-4: Effects of copper on some bird species ............................................................................ 42 
Table  1-5: Effects of zinc on some bird species ................................................................................ 42 
Table  4-1: Initial IC50 concentrations for Euglena gracilis Z and SMZ after 48 h exposure to 
different toxicants in Composite medium pH 5, the optical density was measured at 610 nm ......... 71 
Table  4-2: IC50 values for Euglena gracilis strain Z and SMZ after 48 h exposure to different 
toxicants in K-H medium pH 3.5 measured by reading turbidity at 610 nm ..................................... 73 
Table  4-3: IC50 concentrations for Euglena gracilis strain Z and SMZ after 48 h exposure to 
different toxicants by resazurin assay ................................................................................................ 76 
Table  4-4: IC50 values for Euglena gracilis strain Z and SMZ after 48 h exposure to zinc-cyanide 
complex mixed species obtained from absorbance 610 nm, resazurin assay and counting cells ...... 80 
Table  4-5: Composition of mine tailings solution after serial dilutions ............................................ 82 
Table  4-6: Composition of mine tailings solution in the test vial ...................................................... 82 
Table  5-1: Species sensitivity of birds to acute free cyanide toxicity ................................................ 94 
Table  5-2: Sodium cyanide dosing regimen for chickens .................................................................. 96 
Table  5-3: Copper-cyanide complex mixed species dosing regimen for chickens ............................ 97 
Table  5-4: Zinc-cyanide complex mixed species dosing regimen for chickens ................................ 98 
Table  5-5: Tailings sample dosing regimen ....................................................................................... 99 
Table  5-6: Experimental design for sodium cyanide dosing ............................................................ 100 
Table  5-7: Experimental design for copper-cyanide complex mixed species dosing ...................... 100 
Table  5-8: Experimental design for zinc-cyanide complex mixed species dosing .......................... 100 
Table  5-9: Experimental design for tailings sample dosing ............................................................. 101 
Table  5-10: pH values in different segments of the gastrointestinal tract of treated chickens with a 
single oral dose of NaCN (2.27 mg CN/kg BW, Group A) at different necropsy points (mean±SD, 
n=3 treatments for each sampling point and n=5 controls, one control for each sampling point was 
used as one group)............................................................................................................................ 115 
Table  5-11: pH values in different segments of the gastrointestinal tract of treated chickens with a 
single oral dose of NaCN (0.89 mg CN/kg BW, Group B) at 2, 6 and 24 h necropsy points 
(mean±SD for each sampling point, n= 2 treatments, n= 2 controls) .............................................. 116 
Table  5-12: pH values in different segments of the gastrointestinal tract of treated chickens with a 
single oral dose of NaCN (0.4 mg CN/kg BW, Group C and 0.2 mg CN/kg BW, Group D) at 2 and 
24 h necropsy points (mean±SD for each sampling point, n= 3 treatments, n= 2 controls) ............ 117 
Table  5-13: pH values in different segments of the gastrointestinal tract of treated chickens with a 
single oral dose of copper-cyanide complexes mixed species (Group A) 3.6 mg WAD CN/kg BW, 
(Group B) 2.8 mg WAD CN/kg BW and (Group C) 0.91 mg WAD CN/kg BW at 2 and 24 h 
necropsy time points, (mean±SD for each sampling point, n=3 treatments, n=2 controls) ............. 119 
17 
 
Table  5-14: pH values in different segments of the gastrointestinal tract of treated chickens with a 
single oral dose of zinc-cyanide complexes mixed species (Group B) 2.64 mg WAD CN/kg BW, 
(Group C) 1.08 mg WAD CN/kg BW and (Group D) 0.54 mg WAD CN/kg BW at 2 and 24 h 
necropsy time points, (mean±SD for each sampling point, n=3 treatments, n=2 controls) ............. 120 
Table  5-15: pH values in different segments of the gastrointestinal tract of treated chickens with a 
single oral dose of the tailings solution (Group A) in volume equivalent to 10% of the body weight 
(0.22 mg WAD CN/ kg BW) and (Group B) in volume equivalent to 20% of the body weight (0.44 
mg WAD CN/ kg BW) at 2 and 24 h necropsy time points (mean±SD for each sampling point, n=3 
treatments, n=2 controls).................................................................................................................. 121 
Table  5-16: Trace element concentrations in certified reference material (NIST SRM 1577b ....... 122 
Table  5-17: Mean concentrations (µg/g dry weight ±SD, n=3) of Cu and Zn in liver and kidney of 
chickens treated with different dosages of copper-cyanide and zinc-cyanide complex mixed species 
at 2 h and 24 h necropsy time intervals ............................................................................................ 122 
Table  6-1: Transformation of percentage mortalities of experimental sodium cyanide dosages to 
probit values ..................................................................................................................................... 132 
Table  6-2: Predicted Y values (probit units) and the calculated values of the percent lethal dose .. 133 
Table  6-3: Lethal concentrations values for Euglena gracilis Z and SMZ cells .............................. 134 
Table  6-4: Lethal doses values in chickens (mg CN/kg) and the lethal concentrations values in 
Euglena gracilis Z cells (mg CN/L) ................................................................................................. 134 
Table  6-5: Lethal doses values for chickens and the lethal concentrations values for Euglena 
gracilis SMZ cells............................................................................................................................. 135 
Table  6-6: NOAEL and LOAEL cross some bird species ............................................................... 137 
Table  6-7: Equivalent concentrations in mg CN/L (Y1 values) for Z and SMZ cells based on 0.2 mg 
CN/kg BW as NOAEL for some bird species .................................................................................. 138 
Table  6-8: Equivalent concentrations in mg CN/L (Y2 values) for Z and SMZ cells based on 0.4 mg 
CN/kg BW as LOAEL for some bird species .................................................................................. 139 
 
 
 
 
 
 
 
 
 
 
18 
 
List of Appendices  
Appendix I: Analysis of one mine tailings solution ......................................................................... 165 
Appendix II: Analysis of various concentrations of NaCN solutions preserved with or without 
NaOH (these concentrations have been used for dosing Euglena) .................................................. 166 
Appendix III: Analysis of copper-cyanide mixed species (pH 11) and zinc-cyanide mixed species 
(pH 10) (samples were used for dosing Euglena) ............................................................................ 167 
Appendix IV: Analysis of various concentrations of NaCN solutions preserved with or without 
NaOH (these concentrations were used for dosing chickens) .......................................................... 168 
Appendix V: Analysis of copper-cyanide mixed species (pH=11) and zinc-cyanide mixed species 
(pH= 10) ........................................................................................................................................... 169 
Appendix VI: Composite and Koren-Hutner media ingredients ..................................................... 170 
Appendix VII: Estimation of HCN vapour above the test sodium cyanide solution ....................... 171 
Appendix VIII: Serial dilutions of the solutions of different toxicants ........................................... 172 
Appendix IX: One way ANOVA analysis of measured concentrations of the NaCN solutions with 
or without NaOH preservation compared to the expected concentrations (samples were used for 
dosing Euglena) (Figure A, B and C) .............................................................................................. 173 
Appendix X: Feed analysis label for the chicken starter as stated by the manufacturer .................. 174 
Appendix XI: The optimised standard operating procedures (SOPs) for resazurin assay ............... 175 
Appendix XII: Statistical analysis for comparison of test results for Euglena gracilis ................... 177 
Appendix XIII: Transformation of percentage mortalities to probits as from (Randhawa 2009) ... 183 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 
 
List of Abbreviations 
 
AMD Acid mine drainage 
ATP  Adenosine triphosphate 
BW Body weight 
CN Cyanide  
DW Dry weight 
EC50 Half maximal effective concentration 
G.I. tract Gastro-intestinal tract 
HCN Hydrogen cyanide  
IC50 Half maximal inhibitory concentration 
ICMI International Cyanide Management Institute  
ICMC International Cyanide Management Code 
ICP-MS Inductively coupled plasma mass spectrometer 
K-H medium  Koren-Hutner medium 
LC50   Lethal concentration, 50% 
LCs Lethal concentrations 
LD50 Median lethal dose 
LDs Lethal doses 
LDLo Lethal dose low 
LOAEC Lowest Observable Adverse Effect Concentration 
LOAEL Lowest Observable Adverse Effect Level 
NICNAS National Industrial Notification and Assessment Scheme 
NOAEC No Observable Adverse Effect Concentration 
NOAEL No Observable Adverse Effect Level 
O.D. Optical density 
pKa Acid dissociation constant 
RFU Relative fluorescence units 
TSF Tailings storage facility 
Troy ounces Units used for precious metals 
WAD CN Weak acid dissociable cyanide 
 
20 
 
 : Literature Review Chapter 1
1.1 Introduction 
The commercial recovery of gold requires cycling of millions of litres of alkaline water containing 
high concentrations of sodium cyanide (NaCN), free cyanide, and metal-cyanide complexes. All 
these cyanide-containing compounds in water bodies may be hazardous to wildlife, especially 
migratory waterfowl following the consumption of cyanide-contaminated water at tailings storage 
facilities (TSFs). 
Following Baea Maira gold mine cyanide spill incident in Romania in 2000 (UNEP-OCHA 2000), 
an international code of best practice was developed by mining companies for gold mine TSFs. The 
International Cyanide Management Code (ICMC) has set 50 mg/L of weak acid dissociable (WAD) 
cyanide discharge into tailings dam as a protective guideline for wildlife (ICMI 2006). However, 
the current control by industry is based on field observations about the mortality of wildlife, mainly 
birds at gold mining sites with limited reliable toxicological data.  
In response to environmental concerns, the National Industrial Chemicals Notification and 
Assessment Scheme (NICNAS) in 2002 declared sodium cyanide as a Priority Existing Chemical 
(PEC). Moreover, NICNAS identified that the available toxicity data for birds cannot conclude that 
the level of 50 mg WAD CN is totally safe (NICNAS 2010). Copper- and zinc-cyanide complexes 
of interest in this project are present as metal-cyanide complexes and comprise a major proportion 
of the weak acid dissociable cyanide component of gold mining tailings. An overview of the thesis 
in Figure 1-1 presents a practical guidance for the ecological risk assessment of cyanide complexes 
exposure using Euglena gracilis Z and SMZ strains (as a bioassay organism) that can potentially 
replace the chicken (as a model of migratory birds) as the conventional toxicity test. 
Chapter 1 provides a summary of the global use of cyanide in the mining industry and general 
background about cyanide and metal-cyanide complexes chemistry and speciation. The 
environmental fate of cyanide and the analytical methods for cyanide assessment are also discussed. 
The toxicity of cyanide to human beings and wildlife including birds is summarised. Current 
methods (in-vivo and in-vitro) for the evaluation of cyanide and metal-cyanide complexes of zinc 
and copper toxicity are then briefly discussed. 
 describes hypotheses, objectives and aims of the research. The aims of the present study Chapter 2
were to develop a suitable cytotoxicity bioassay for cyanide exposure to Euglena gracilis Z and 
SMZ and to assess the toxicity of zinc-cyanide as a weak acid dissociable metal-cyanide complex 
and copper-cyanide as a moderate metal-cyanide complex using Euglena gracilis Z and SMZ as a 
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bioassay model. Euglena gracilis strains Z and SMZ were utilised for conventional toxicity 
evaluation as a practical alternative to the conventional experimental bird species model. 
Chapter 3 presents the general materials and methods for both the Euglena and chicken model 
studies. 
The main part of this research is to provide and/or develop a simple toxicity test using the 
unicellular eukaryote for gold mining companies to monitoring free cyanide and metal-cyanide 
species in the gold mine tailings solution. 
Chapter 4 presents two methods for measuring the toxicity of metal-cyanide complexes using 
Euglena gracilis Z and SMZ strains. The first method utilised spectrophotometry to measure the 
growth rate of E. gracilis Z and SMZ by absorbance at 610 nm and the second method was resazurin 
assay which gives a measure of cell viability. A more applicable assay using Euglena gracilis Z and 
SMZ was developed by modifying the existing resazurin assay. The selected endpoint of the 
resazurin assay was the inhibition of 50% of the grown cells. Further, an environmental sample 
from a tailings dam was also tested using Euglena gracilis Z and SMZ cells. 
This cell-based screening test has been validated against an animal model. In Chapter 5, the 
chicken (bird) model was used as a surrogate toxicological model to calibrate against the Euglena 
bio-assay for weak metal-cyanide complex toxicity. In particular, the chickens were exposed to sub-
lethal levels of cyanide and the weak metal-cyanide complexes of copper and zinc to determine the 
sub-clinical signs of toxicity with cyanide, the No Observable Adverse Effect Level (NOAEL) and 
Lowest Observable Adverse Effect Level (LOAEL). Further, an environmental sample from a 
tailings dam was also been tested using the chicken model. 
Chapter 6 then brings together the results of the lethal dose values for the chicken model and the 
lethal concentrations values for Euglena gracilis Z and SMZ cells to give an equation to  predict the 
toxicity in chicken (birds) based on the Euglena gracilis cytotoxicity data (Z and SMZ) for cyanide. 
Moreover, the correlation between the toxicity data of chicken vs. Euglena gracilis Z and SMZ 
cytotoxicity provides an estimation of the safe CN concentration (NOAEL and LOAEL) in the 
drinking water for the migratory birds that access TSFs at mine sites. In addition, based on the 
NOAEL and LOAEL the safe level of cyanide in some bird species can be compared with the 
ICMC guideline value for protection of wildlife. 
Chapter 8 gives the outcome of this study by presenting the potential of Euglena gracilis as a risk 
assessment tool for screening the cyanide and metal-cyanide toxicity and wildlife protection in the 
gold mining industry. 
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Figure 1-1: A flowchart illustrating work tasks and key chapters of the thesis 
 
 
 
Issue Identification  
International Cyanide Management Code (ICMC) guideline 
50 mg WAD CN/L safe for wildlife including birds  
based on field observations (Chapter 1) 
To assure protection of sensitive avian species and meet the 
ICMC guidelines based on cytotoxicity study (Chapter 2) 
Exposure  Sub-lethal doses 
Euglena gracilis Z and SMZ 
Bioassay model (Chapter 4) 
 
Chicken 
Migratory bird model (Chapter 5) 
 
Dose response 
Effect  Sub-clinical signs IC50 
Validation  
(Chapter 6) Lethal doses  Lethal concentrations 
 
Predictive tools for cyanide toxicity in birds 
 
Potential application of Euglena gracilis as a bioassay organism for the risk 
assessment of biota from cyanide exposure in the gold mining industry (Chapter 8) 
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1.2 The use of cyanide in mining 
Around 18% of the total world production of cyanide is used in mining, typically for the gold 
industry (Logsdon et al. 1999; ATSDR 2006). In Australia around 100, 000 tonnes of sodium 
cyanide are manufactured each year, approximately 40, 000-60, 000 tonnes per annum is used by 
the gold industry (NICNAS 2010). In the modern gold mining industry, cyanidation technique is 
used to extract precious metal (gold) from ore with a weak cyanide solution.  
The concentrations of sodium cyanide are in the range of 100-500 mg/L in the water of mill tailing 
reservoir (Logsdon et al. 1999). The concentrations of free cyanide may be increased up to 2000 
mg/L during the leaching process to exceed the quantity of cyanide that needs to be added because 
copper, zinc and other metals form metal-cyanide complexes before gold. Gold is extracted as the 
gold cyanide complex (Boening and Chew 1999) as shown in Reaction 1 (Nsimba 2009): 
 
2Au(s) + 4CN- + O2 (g) + 2H2O (1) → 2[Au (CN)2]– (aq) + 4OH- …… (Reaction 1). 
 
Halogens, thiourea and thiosulfate can be used to dissolve gold as alternative lixiviants to cyanide; 
however, these chemicals form less stable complexes with gold, cost more than cyanide, are 
extremely corrosive and hazardous to the human health and the environment and non is as efficient 
in extracting gold as cyanide (Akcil 2010).  
To achieve gold extraction wet alkaline slurry of finely ground ore has to be mixed with sodium 
cyanide solution. The alkalinity of the slurry is made by adding an alkali such as lime to reduce 
formation and volatilisation of hydrogen cyanide (HCN) gas. The main cyanidation techniques used 
in the gold mining industry are: (i) heap-leaching or valley fill leaching; and (ii) vat or tank 
methods. 
Heap-leaching method is used to extract gold from low grade ore containing less than 0.04 Troy 
ounces/ton. In this process a very dilute cyanide solution is sprinkled over the pile in order to bond 
with the gold or silver. The solution of the precious minerals called “the pregnant solution” seeps 
through the heap towards the impermeable rubber base pad and is then discharged into the sluices.  
The gold bearing cyanide is stripped by adding activated carbon which absorbs the gold cyanide 
complex. Finally, caustic soda and antifreeze solution are used to remove carbon from the gold 
(Boening and Chew 1999; Logsdon et al. 1999). 
Vat-leaching techniques are also known as agitation leaching followed by carbon-in-pulp (CIP) and 
agitated carbon-in-leach (CIL). Carbon-in-pulp and carbon-in-leach techniques are used to extract 
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gold from ores containing more than 0.04 Troy ounces/ton. Vat-leaching is the conventional way in 
which finely ground gold ore is contained and slurried with cyanide solution in tanks (through a 
series of leaching stages) which are agitated and aerated. Cyanide is also used in froth flotation of 
copper, nickel, lead, cobalt and molybdenum to enable separation of these minerals (USEPA 1994). 
 
 
1.3 Cyanide 
1.3.1 Cyanide chemistry and speciation 
Cyanide is a general term for a group of chemicals which contain a cyano group (carbon atom triple 
bonded to nitrogen) that present naturally or are man-made. In nature, low concentrations of 
cyanide can be found in higher plant such as vegetables, fruits and nuts. Many insects, bacteria, 
algae and fungi can produce cyanide (Logsdon et al. 1999; ATSDR 2006). 
Cyanide exists in many various forms in the environment. Free cyanide which consists of cyanide 
ion (CN-) and hydrogen cyanide (HCN), is the dominant form of cyanide which causes severe 
toxicity in human, wildlife and aquatic life (Moran et al. 1998). Hydrogen cyanide is either a gas or 
liquid which is characterised by a bitter almond odour, being colourless, having a boiling point of 
25.7°C (Maxwell 2004), being highly soluble in water and yielding a weak acid.  
The percentage of HCN to CN- is above 99% at pH 7, 50% at pH 9.2, and 1% at pH 11 (Eisler 
1991). Figure 1-2 illustrates the plot of HCN and CN- versus pH at 25°C (Johnson 2015). Free 
cyanide can be oxidized to produce cyanate (CNO-) or reacted with sulfur to form thiocyanate 
(SCN-), both of which are considered less toxic than free cyanide (Smith and Mudder 1993). 
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Figure 1-2: Distribution of HCN and CN- in aqueous solution (Johnson 2015) 
 
 
1.3.2 Metal-cyanide complexes 
There are a number of metals in ore associated with gold leaching. Cyanide in the cyanidation 
process can react with metals such as, cadmium (Cd), cobalt (Co), copper (Cu), iron (Fe), nickel 
(Ni) and zinc (Zn) to form metal–cyanide complexes. The concentrations of these metals which are 
present in a low grade gold ore vary from tens to thousands of mg/kg.  
These metal-complexes can be classified into (Figure 1-3): 
1. Weak cyanide complexes: such as, Cd and Zn cyanides.  
2. Moderately strong cyanide complexes: such as, silver (Ag), Cu and Ni cyanides.  
3. Strong cyanide complexes: such as, Au, Co, and Fe cyanides. 
 
Weak metal-cyanide complexes can breakdown rapidly and release cyanide in to the soil or water at 
pH≤ 6, whereas the strong cyanide complexes breakdown slowly under highly acidic (pH <2). On 
the other hand, some of the strong complexes (ferrocyanides and ferricyanides) do not decompose 
in strong acid media (Environment Australia 2003; Zagury et al. 2004), but will degrade after 
exposure to ultra-violet light. There are several factors which affect the liberation rate of the free 
cyanide from the dissolved complexes such as pH, temperature of the water, concentration of the 
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metal complexes and light intensity and wavelength. Laboratory results show that photochemical 
degradation of the metal cyanide complexes produces free CN- and metals (Smith and Mudder 
1993; Boadi et al. 2009).  
Zinc-cyanide complexes dissociate commonly in very diluted alkaline solution yielding free 
cyanide and the metal ion itself (Boadi et al. 2009). The complexes are present in different forms 
such as Zn(CN)2, Zn(CN)-3 and Zn(CN)42-. Figure 1-4 shows zinc (II) species in aqueous solution 
containing excess cyanide (Theis and West 1986; Rajat et al. 2005).  
Copper-cyanide complexes (moderately strong complexes) are present commonly in tailings dam 
water. Copper (I) cyanide complexes are present as several species including Cu(CN)2, Cu(CN)3 2- 
and Cu(CN)43- (Nguyen et al. 1997). Table 1-1 gives equilibrium constants for copper (I) and zinc-
cyanide complexes (Rajat et al. 2005; Marsden and House 2006). Figure 1-5 shows the speciation 
of CuCN in aqueous solution (Seke and Pistorius 2006). 
 
 
Figure 1-3: Classification of cyanides modified (Botz 2001) 
 
 
Table 1-1: Equilibrium constants for copper (I) and zinc-cyanide complexes (Rajat et al. 2005; 
Marsden and House 2006) 
 
 
 
 
 
 
 
Compound  log K (at 25°C, I=0) 
HCN 9.21 
Cu(CN)2- 24.03 
Cu(CN)32- 28.65 
Cu(CN)43- 30.35 
Zn(CN)02 11.07 
Zn(CN)-3 16.05 
Zn(CN)2-4 16.72 
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Figure 1-4  Zinc II species distribution in cyanide aqueous solution (Theis and West 1986; 
Rajat et al. 2005) 
 
 
 
 
Figure 1-5: Eh-pH diagram of copper-cyanide species in aqueous solution at 25°C. Cu = 5 × 
10−5 M, CN− = 6 × 10−4 M (Seke and Pistorius 2006) 
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1.3.3 Environmental fate of cyanide 
Cyanide waste discharge into the ecosystem has several mechanisms for its degradation and 
attenuation. These include volatilisation, formation of cyanate (NCO-) and thiocyanate (SCN-), 
biodegradation, hydrolysis, metal-cyanide complexation, precipitation and adsorption (Smith and 
Mudder 1993; Zagury et al. 2004).  
Volatilisation of cyanide as HCN to the atmosphere is the main process for irreversible elimination 
of free cyanide from concentrated aqueous solution (Figure1-2); this is activated by low pH (Eisler 
1991). Figure 1-6 shows the potential of environmental pollution by cyanide leakage from tailings 
storage facilities. Cyanate is the product from reaction of cyanide with oxidants in alkaline solutions 
such as, chlorine, ozone and hypochlorite. Cyanide reacts with the hypochlorite in alkaline pH 
yielding cyanogen chloride (ClCN), which is described as a labile compound and later becomes 
cyanate. Free cyanide similarly reacts with sulfur group to form thiocyanates.  
Analysis of copper tailings water showed about 10 mg/L of thiocyanate at pH over 10 (Moran et al. 
1998). Different creations of bacteria, algae and fungi were observed in the drainage water and 
sewage slurry in mining manufacturing (Dash et al. 2009). These organisms have the ability to 
utilise CN- as the only nitrogen source under aerobic and anaerobic environments (Wild et al. 1994; 
Boening and Chew 1999). 
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Figure 1-6: Emission of cyanide from tailings storage facilities (NPI 2001) 
 
 
1.3.4 Analytical methods  
Since the 1990’s, cyanide analysis has been required for operational management, regulatory 
compliance, toxicity assessment and for community concern about the impact of cyanide and 
cyanide complexes on human, wildlife and water fowl health (Mudder 1999). Most mining 
regulatory agencies establish a procedure to monitor and measure the concentrations of cyanide 
used during and after gold cyanidation.  
In general, there are three forms of cyanides that require analytical methods to determine cyanide 
concentrations in heap-leach, tailings and water samples which are: (i) free cyanide, (ii) weak acid 
dissociable cyanide (WAD CN) and (iii) total cyanide. 
i. Free cyanide comprising two forms of cyanide which are present in solutions as CN- or HCN-;  
ii. Weak acid dissociable cyanide (WAD CN) comprising the free cyanide and weak complexes 
forms of cyanide which degrade in a hot, moderate acid solution at pH 4.5 for example cadmium, 
copper, silver and zinc complexes; and   
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iii.  Total cyanide including free cyanide and weak acid cyanide plus many of strong metal-cyanide 
complexes with iron, gold, cobalt or platinum complexes that degrade in a hot, concentrated acid 
solution (pH <1.0) (USEPA 1994; Moran et al. 1998; Logsdon et al. 1999). 
 
Most mining regulatory agencies use the WAD CN fraction to determine cyanide particularly in 
closed mines for compliance and monitoring reasons (Moran et al. 1998; Mudder 1999). This 
determination does not detect many of the cyanide-related compounds which are commonly present 
at gold mining sites such as, cyanates, thiocyanates, cyanogen chloride, organocyanide compounds 
and the strong metal-cyanide complexes of gold, platinum and iron complexes (USEPA 1994; 
Ştefănescu et al. 2009).  
Furthermore, when the concentrations of cyanide in the field are low, the WAD CN determination 
does not measure actual cyanide concentrations in the tailings dam at the mine site which is below 
the detection limit. In addition, hundreds of cyanide-related compounds, which are present in the 
waste water of the tailings dam, are not analysed by the mine operators in spite of the toxic effect of 
these chemicals on the environment after long term exposure (Moran et al. 1998; MPC 2000). 
There are numerous methods for analysis of cyanide in different media such as colorimetry, 
titrimetry, gas and ion chromatography, atomic absorption and infra-red absorption 
spectrophotometry (Otu et al. 1996). Ion chromatography (IC), with electrochemical detection, can 
be used to determine parts per billion (ppb) levels of cyanide (Rocklin and Johnson 1983).  
Ion chromatography techniques were developed in order to analyse cyanide and its metals 
complexes accurately in gold extraction in the presence of high concentrations of copper (I) cyanide 
(Fagan et al. 1997; Fagan et al. 1998). However, zinc-cyanide complex are difficult to detect by 
these methods due to eluting rapidly without causing peak tailings (Rocklin and Johnson 1983; Otu 
et al. 1992). Zinc-cyanide is an unstable complex and for this reason, it can only be properly 
determined by capillary electrophoresis (CE) if relatively high ratios CN: Zn are used (Langeroudi 
et al. 2011). 
 
 
1.3.5 Sampling and sample preservation 
Sample and preservation procedures follow the method described by American Public Health 
Association (APHA 2012).  
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Due to photochemical decomposition of some metal-cyanide complexes, all samples should be 
collected in clean amber glass or in black polyethylene bottles covered with aluminium foil.  
Samples are preserved at pH≥12 or higher by adding sodium hydroxide and storing between 0 – 
4○C under refrigeration. All samples should be analysed within two weeks. Samples of aqueous 
cyanide species should be treated to remove potential interferences by oxidants and sulfides. 
Oxidizing agents can be removed by addition of sodium arsenite or thiosulphate solution. For 
sulfides, lead carbonate is added to the samples to form lead sulfide which can be removed by 
pressure filtration before treatment for oxidants (Smith and Mudder 1993; USEPA 1999; 
Woffenden et al. 2008; APHA 2012). 
 
 
1.4 Risk assessment 
1.4.1 Outline of risk assessment 
Risk is defined as the chance or probability of that an adverse outcome will impact on objectives. 
Risk assessment is the process of determining the hazard (chemical, physical, microbiological or 
psychosocial) on a particular environment or population under a specific set of conditions and for a 
certain time frame to provide the best possible decisions under uncertainty (enHealth 2012).  
 
1.4.2 Human health risk assessment 
Risk assessment is the process where the hazards are identified, analysed or evaluated the risk that 
associated with the hazard and determine appropriate ways to eliminate or control it (ISO 2009). 
Risk assessment includes several steps. These are issue identification, exposure and hazard 
assessment, risk characterisation and risk management. Any type of risk whether it has positive or 
negative consequences could be applied by this basic guideline (ISO 2009). In the case of human 
health risk assessment, this provides a qualitative assessment of the potential risks posed to human 
health and the environment if exposed to an identified stressor (enHealth 2012). 
The enHealth (2012) regulates the guidelines and provides a methodology for assessing human 
health risks from environmental hazards. 
The environmental health risk assessment framework requires quantifying and characterising of the 
risks so that the best solutions could be designed to minimise the risks (enHealth 2012). 
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The five stages of environmental health risk assessment framework in enHealth (2012) are 
described below and conceptualised in Figure 1-7: 
1. Issue identification- aims to determine whether a stressor environmental health issues (or an 
individual issue) has the potential to cause harm to humans and/or ecological.  
2.  Hazard assessment- after identifying the issues, the type of exposure is assessed (ISO 2009) 
and dose- response assessment (toxicity assessment) from animal data is determined to 
derive the hazard assessment. 
3. Exposure assessment for the relevant population- qualitative or quantitative assessment of 
exposures to a hazard that potentially cause harms (ISO 2009). 
4. Risk characterisation- the results from all of the assessments will assist to provide a 
judgement about the nature and extent of the risk from exposure to environmental stressors. 
5. Risk management- estimate of level of risks would then enable effective management 
decisions in preventing or reducing the assessed risk to acceptable levels. 
 
In the context of cyanide and its compounds and degradation products, the effects of these 
compounds on human health in any particular environmental context are assessed by following the 
framework given in Figure 1-7. 
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 Figure 1-7: Environmental health risk assessment framework (enHealth 2012) 
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1.4.3 Ecological risk assessment 
Ecological risk assessment has been used to organise many kinds of information about risks to the 
environment, resource management and control the pollution. Chemical, physical, or biological 
stressors, one or multiple stressors may involve in the assessment. Ecological risk assessment 
includes three primary stages: (1) problem formulation, (2) analysis, and (3) risk characterisation 
(Figure 1-8) (USEPA 1998). 
In the problem-formulation stage, the environmental values to be protected, objectives for the risk 
assessment are refined, and a plan for analysing and characterising risk is determined. 
The analysis stage of ecological risk assessment consists of characterisation of exposure and 
characterisation of ecological effects. 
Finally, in the risk-characterisation stage, the exposure and ecological effects are integrated to 
provide the basis for risk characterisation and defining ecological adversity, and organise a report 
(USEPA 1998). 
In the context of cyanide and its compounds and degradation products, the effects of these 
compounds on species of wildlife such as birds in any particular environmental context are assessed 
by following the framework given in Figure 1-8. The assessment of toxicity of cyanide and its 
compounds and degradation products to any particular species is a key step of characterisation of 
exposure that enables risk characterisation to be performed. 
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Figure 1-8: Ecological Risk Assessment framework (USEPA 1998) 
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1.5 Toxicity 
1.5.1 Toxicity of cyanide to human beings 
The toxicity of cyanide is assessed as part of the Hazard Assessment step in human health risk 
assessment (Figure1-7). Besides suicidal cases and accidental ingestion of cyanide, there are two 
sources which may cause human toxicity by cyanide: 
1. Cyanide is utilised in industry processes such as, cyanidation for gold extraction in mining, 
electroplating and in the manufacture of several products including metal polishes. Cyanide is 
also produced in tobacco smoke. 
2. From natural products and drugs as, almonds, peaches, apricots and cassava or from drugs like 
laetrile and sodium nitroprusside (Salkowski and Penney 1994). 
Generally, all routes of administration can cause cyanide toxicity in individuals such as inhalation, 
ingestion and via intact skin or mucous membranes absorption (WHO 2004). Cyanide inhibits 
cytochrome oxidase, which contains the ferric form of iron, inside the mitochondria and halts 
adenosine triphosphate (ATP) generation. This inhibition results in decreased aerobic oxidative 
metabolism and leads to cellular hypoxia (Figure 1-9). The rate of glycolysis is increased and the 
pyruvate reduced to lactate, yielding metabolic acidosis (Salkowski and Penney 1994; Cummings 
2004; Eisler and Wiemeyer 2004). 
 
 
 
              
Figure 1-9: Inhibition of cytochrome oxidase by binding of cyanide to the ferric ion in 
(cytochrome oxidase a3) within the mitochondrion (Hamel 2011) 
Ferric ion 
(Fe 3+) Anaerobic 
metabolism 
 Lactic acidosis Cytochrome 
oxidase a3  
Mitochondria 
Cyanide 
Important for ATP generation  
 
2 H
+ 
+1/2 O2 H2O 
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Inhalation of HCN in a small concentration may result in slight symptoms after a number of hours 
(Table 1-2). However, most people can sense hydrogen cyanide by the distinctive odour at 5 ppm in 
air. The Occupational Safety and Health Administration, United States Department of Labour 
(OSHA) has established 4.7 ppm of HCN as the highest safety dose for human being exposure 
(Maxwell 2004). 
 
 
Table 1-2: Human response to the different concentrations of HCN in the atmosphere and the 
time since exposure (Environment Australia 2003) 
 
Concentration (ppm) Effect 
18-36 slight influence after several h 
45-55 no direct or consequential effects between 0.5 to -1 h 
110-135 lethal after 0.5 to 1 h 
135 lethal after 0.5 h 
181 lethal after 10 min 
270 instantly lethal 
 
 
Acute toxicity of cyanide has been documented for the central nervous system and cardiovascular 
disorders such as, tachycardia, tachypnoea, slower pulse and dizziness, headache, rigidity and 
convulsion ending in coma. Pathological evidence shows congestion with haemorrhage of trachea, 
brain meninges and pericardium, venous blood appears bright red due to cellular hypoxia 
contributes to increase venous pO2 (Chin and Calderon 2000; Pritchard 2007).  
No accidental deaths have been recorded in Australia from the use of cyanide in the gold mining 
industry (Woffenden et al. 2008 ). 
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1.5.2 Toxicity of cyanide and metal complexes to wildlife including birds 
The toxicity of cyanide is assessed as part of the Characterisation of Exposure step in ecological 
risk assessment (Figure1-8). Cyanide poisoning may occur to wildlife including birds via multiple 
exposure routs (e.g. inhalation, drinking water, sediment ingestion and skin contact) (Environment 
Australia 2003; WHO 2008). High concentrations of cyanide are lethal through inhibition of 
cytochrome oxidase causing a cytotoxic hypoxia (Cummings 2004). However, cyanide is unlikely 
to cause cancer or bioconcentrate in animal tissue (Environment Australia 2003).  
Mudder and Smith (1994) reported three groups of animals which are frequently exposed to 
significant concentrations of cyanide solutions at mining sites: 
(i) The first group includes mammals, reptiles and amphibians.   
(ii) The second group comprises migratory birds and different waterfowl species; and 
(iii) The third group involves a variety of aquatic life.   
 
Toxicological data for reptiles (e.g. snakes, lizards, and tortoise) is rare (NICNAS 2010) but were 
available for other animals (Table 1-3). Wildlife mortality rates rise more frequently around mines 
where gold ore is present with higher copper ratios and WAD CN exceeds 50 mg/L. Formation of 
copper-cyanide complexes in cyanide–bearing waste, which is toxic to birds, can decompose in 
stomach acids (Environment Australia 2003; Donato et al. 2007). 
Mallard ducks exposure to 20 mg/L of KCN in water showed significant decline in ATP levels of 
brain and liver tissues, and a marked decrease in the respiration rates of heart, liver and brain 
mitochondria. In addition, mallard ducks showed an increase of creatine phosphokinase in serum 
when a single oral dose of 1.0 mg/kg BW of cyanide was consumed. This corresponds to 40 mg/L 
of cyanide (comparable to the cyanide level in tailings gold mine). An indication of high level of 
creatine phosphokinase is muscle damage (Pritsos and Ma 1997).  
Avian susceptibility to cyanide is more likely to be connected with their nutrition. Birds feeding 
mostly on flesh have a digestive system very similar to carnivores including a low stomach pH, 
which allows for a rapid chemical breakdown of ingested food and rapid digestion (Thouzeau et al. 
2004). In these birds the lower pH in the stomach enhances the liberation of free cyanide and results 
in a lower lethal dosage. 
The initial symptoms of cyanide poisoning in birds include loss of coordination, eye blinking, 
convulsion, tremor, difficulties in breathing, gasping and finally death (Wiemeyer et al. 1986). 
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Cyanide is toxic to fresh water fish under conditions of low dissolved oxygen (O2) and acidic pH 
(Eisler and Wiemeyer 2004). It was found that increased water temperatures led to increased 
susceptibility of aquatic invertebrates to HCN without considering the dose (Smith  et al. 1979).  
Doudoroff et al. (1966) suggested that polluted water with high concentrations of toxic heavy 
metals, greater than which can combine with cyanide to form a complex, will be toxic to fish from 
the free metal remaining in the water. Also, the high stability of cyanide complexes contributes to 
decrease of the toxicity in water. However, sub-lethal concentrations of copper-cyanide complex 
impaired swimming performance in Carp Catla Catla, whereas gross examination of the gill 
lamellae showed turning from normal red to a brown colour (Prashanth et al. 2010). 
 
 
Table 1-3: Effects of cyanide on various animals 
Animal  Compound Dose Effect Reference 
Mallard duck (Anas 
platyrhynchos) 
NaCN 1.0, 2.0, 2.8, 4.0 
and 5.7 mg/kg 
BW 
Oral LD50 
(95% C.I) 
2.7 (2.2-3.2) 
mg kg/BW 
(Henny et al. 1994) 
Black vulture (BV) 
 
 
NaCN (3, 4.5, 7 and 
36) mg/kg  
Oral
   
LD50 
(95% C.I) 
4.8 (4.4-5.3) 
mg/kg BW 
(Wiemeyer et al. 
1986) 
Domestic chicken  NaCN 
 
6, 12, 24 and 48 
mg/kg 
Oral LD50 
(95% C.I)  
21 (12-36)   
mg/kg BW 
(Wiemeyer et al. 
1986) 
Rat NaCN Dose range 
8.90-18.00 
mg/kg  
Oral LD50 
(95% C.L.) 
13.2  (10.4-
17.8) fasted 
24 hours 
prior to 
exposure 
(Ballantyne 1988) 
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1.5.3 Copper and zinc toxicity to aquatic microorganisms and algae  
Various species of aquatic microorganism have been used to observe if there are adverse effects of 
metals from mining activities. Heavy metals such as copper and zinc are essential for eukaryotic 
metabolism, but may be toxic above the threshold concentrations (Einicker-Lamas et al. 1996; 
Einicker-Lamas et al. 2002; Ahmed and Häder 2010). 
Rat NaCN Dose range 
11.90-16.80 
mg/kg 
Oral LD50  
(95% C.L.) 
15.9 (15.0-
17.6) un 
fasted
 
(Ballantyne 1988) 
Rat(Sprague-Dawley) CuCN 0.14, 1.45, 4.35 
and 14.5 mg/ 
CN/kg BW/day 
14.5 mg/CN 
BW/day 
increase 
mortality     
(Gerhart 1986) 
 Rabbits (New 
Zealand white 
rabbits) 
NaCN Dose range 
8.20-13.00 
mg/kg 
Oral LD50 
(95% C.L.) 
10.7 (9.8-
12.0)  
(Ballantyne 1988) 
Livestock HCN 200 mg /kg Lethal (Eisler 2000) 
Fish Carp (Catla 
catla)  
CuCN 0.58, 0.62, 0.70, 
0.76 and 0.86 
mg/L 
LC50 after 
96h 0.76 
±0.04 mg/L 
(Basaling and Praveen 
2011) 
Fish Carp (Catla 
catla) 
CuCN Conc. ranging 
from 10 to 
55µg/L 
LC50  96h  
33 µg/L 
(Prashanth et al. 
2010) 
Fish Carp (Cirrhinus 
mrigala) 
Zn(CN)2 Conc. Ranging 
from 335 to 350 
µg/L 
LC50  95% 
C.L. 343 
µg/L 
(Shwetha and Hosetti 
2009) 
Fish Cobia 
(Rachycentron 
canadum) 
KCN 0.01, 0.02, 0.03, 
0.04, and 0.05 
mg/L 
LC50 CN 
(95% C.I.) 
0.03 (0.021-
0.038) mg/L 
96 h 
(Dung et al. 2005) 
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The influence of heavy metal toxicity in vital metabolic pathways depends on the type of organism, 
pH of the medium and the concentration and species of the metal (Rocchetta and Küpper 2009). 
Higher concentrations of Cu and Zn are normally accumulated in the cells causing inhibition of 
photosynthesis and growth in algae (Einicker-Lamas et al. 2002; Rocchetta and Küpper 2009). 
Einicker-Lamas et al. (2002) found that Zn2+ and Cu2+ reduced 50% of the cell growth (LC50) of 
Euglena gracilis Z, a unicellular species of algae, at 0.88 mM and 0.22 mM respectively, and 
increased intracellular protein after 72 h of exposure. Stallwitz and Hädert (1993) observed that 
copper ions as copper sulfate were able to disturb Euglena gracilis proliferation and motility; the 
results showed there was no cell growth at 500 µM and decreased cell motility around 50%. Copper 
ions inhibited both Asterionella glacialis and Chlorella pyrenoidosa growth and photosynthesis, 
while metal ions (Al, Co and Mn) reduced copper toxicity in Nitzschi closterium (Stauber and 
Florence 1987). Wilde et al. (2006) noticed that when pH is increased, toxicity of copper and zinc to 
fresh water algae Chlorella sp. also increased.  Their results showed that the LC50 of copper 
decreased from the 19 µg/L at pH 5.5 to 1.0 µg/L at pH 8.0, and for Zn 2700 µg/L to the 52 µg/L 
after 48 h of exposure to a variety of pH values (5.5-8.0).  
 
 
1.5.4 Copper and zinc toxicity in birds 
The toxicity of copper salts is dependent on the solubility and the formation of Cu2+ which is readily 
available to the organism following administration. The acute oral and dietary LD50 for birds were 
found 98 mg/kg Cu and 991 mg/kg Cu, respectively (USPEA 2005).  
Chickens given 500-700 mg/kg of dietary Cu experienced inhibition of growth rate, while only 50 
mg/kg induced toxicity to turkeys (Waibel et al. 1964; Jensen and Maurice 1979; Leeson 2009). 
Experiments with domestic poultry showed an increased copper concentration in the livers of 
ducklings (Anas spp.), as a response to feed diet containing 200 mg/kg DW ration (Eisler 1998). 
Broiler chickens fed in excess of 200 mg/kg Cu showed several pathological changes such as 
hypertrophy of the gizzard and enlargement of the kidneys, spleen and bursa (Leeson 2009).  
Birds show different sensitivity to zinc toxicosis, however, ingestion of diet containing excess zinc 
can bring out many pathological effects (Levengood et al. 2000). 
Zinc poisoning of aviary birds, has been documented as a result of the ingestion of galvanized wire 
and cage bars (Reece et al. 1986). Clinical signs of zinc intoxication in birds were reduced food 
intake, weight loss, decrease in growth rate, anaemia, paralysis of the legs and diarrhoea (Gasaway 
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and Buss 1972; Puschner and Poppenga 2009). Examination under light-microscope of histological 
slides showed degenerative and necrotic changes in the liver, pancreas, kidneys, gizzard and 
intestine (Dewar et al. 1983; Puschner and Poppenga 2009). Tables 1-4 and 1-5 show the effects of 
copper and zinc compounds in some birds. 
 
 
Table 1-4: Effects of copper on some bird species 
 
 
 
Table 1-5: Effects of zinc on some bird species 
Animal Compound Dose LDLo/Effect Reference 
Chicken  
 
CuSO4 powder 0.25 to 2 g/kg 
BW 
Oral LDLO 
(
 
0.3-0.5) g/kg 
BW 
(Pullar 1940)                                                                                                                             
Chicken CuSO4 solution 0.25 to 2.0 g/kg 
BW 
Oral LDLO  
(1 to 1.5) g/kg 
 
(Pullar 1940) 
Pigeons  CuSO4  0.4 to 3 g/kg 
BW 
Oral LDLO  
(1 to 1.5) g/kg 
 
(Pullar 1940) 
Mallard duck 
 
CuSO4 0.095 to 1.15 
g/kg BW 
Oral LDLO  
 0.4 g/kg 
 
(Pullar 1940) 
Canada geese CuSO4 600 mg/kg Acute copper 
toxicity 
(Bobby and 
Winterfield 
1975) 
Animal Compound Dose Effect/Oral LC50 Ref. 
Day-old 
Hubbard broiler 
chicks 
Zinc acetate  16 000 mg/kg    
 
100% mortality  (Oh et al. 1979; 
Eisler 1993) 
  8 000 mg/kg      80% mortality  
  4 000 mg/kg No effect on the 
growth rate 
 
Cockatiels 
(Nymphicus 
hollandicus) 
Galvanized 
coating or fine 
particles of 
32,16 ,12, 8, 4, 2 
mg/ Zn 
(Group1) 
Oral LC50 16 mg/ 
Zn after 2 weeks 
(Howard 1992) 
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1.5.5 Current methods (in-vivo and in-vitro) for the assessment of cyanide and 
metal-cyanide complexes toxicity of copper and zinc 
Numbers of scientific experiments have been conducted to assess cyanide and metal cyanide 
complexes toxicity in-vivo and in-vitro. However, most of the studies dealt with aquatic toxicity; 
e.g. Dung et al. (2005) determined the effects of cyanide (KCN) on cobia Rachycentron canadum at 
various stages: eggs, larvae, juveniles and young fish.  
The acute toxicity test revealed that cyanide is highly toxic to the young fish (40 days old) with a 
lethal concentration (50%) of 0.03 mg/L cyanide. Shwetha and Hosetti (2009) studied the 
toxicological outcomes of zinc-cyanide on the behaviour and oxygen depletion of the Indian major 
carp Cirrhinus mrigala (Hamilton). The experiment ran for 96 h and gave an LC50 value of 343 
µg/L with significant impairment of fish respiratory, swimming and metabolic processes. Two 
biological tests documented the negative effects of copper-cyanide on Indian major carp Catla catla 
(Hamilton). The first study conducted by Prashanth et al. (2010) measured the short term toxicity of 
CuCN after 96 h; the LC50 was found to be 32 µg/L, causing a drop in oxygen consumption, 
uncoordinated movement and increased mucous secretion. The second study performed by Basaling 
and Praveen (2011) recorded an acute LC50 of copper-cyanide on juveniles of Catla catla of 
0.76±0.04 mg/kg with repeated gill flapping, abnormal movement, and impaired respiratory rate.  
McKay (2013) has selected Euglena gracilis Z and SMZ as a test organism to test the toxicity of 
several compounds including sodium cyanide and gold cyanide complex. The results showed that 
NaCN was not toxic to the strain Z, but was severely toxic to the SMZ cells (4 µM) after 24 h of 
exposure.  
 
 
1.6 Euglena gracilis Z and SMZ as in-vivo models 
Euglena gracilis has been introduced previously as a successful model as a bio-indicator in polluted 
areas (Einicker-Lamas et al. 2002; Ahmed and Häder 2010). This alga possesses a remarkable 
metabolic plasticity. Strain Z with a green colour and autotrophic, photosynthetic characteristics can 
grow under illumination and behave like higher plants, while the colourless mutant SMZ strain 
 pure zinc or 32 16, 12 mg/Zn 
(Group 2) 
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grows in the dark (heterotrophic) and behaves like animals (Palmer et al. 2002; Watanabe and 
Suzuki 2002). Alteration of cell morphology of Euglena gracilis under stress was recorded after the 
exposure to metals such as cadmium, tributyltin chloride and uranium. E. gracilis can change its 
spindle form to cyst, star and V- shape when the cell is under chemical stress (Ohta M et al. 2001; 
Watanabe and Suzuki 2001; Ohta and Suzuki 2007; Trenfield et al. 2012). 
Euglena gracilis tolerates a wide range of pH (from 2.5 to 7.0) which indicates that Euglena is 
suitable as an indicator species for studying acid mine drainage (AMD) (Olaveson and Nalewajko 
2000). Euglena gracilis is just one of many species of Euglena that found in freshwater and 
polluted waters environments. It is worth noting that the taxonomy of this flagellated unique 
microorganism was debated for many years (Figure 1-10) (NODC 1996; Buetow 2001; Linton et al. 
2010). 
 
 
 
Figure 1-10: Classification and taxonomy of Euglena (NODC 1996) 
 
 
1.7 Resazurin cell viability assay 
Resazurin (7-hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt) is a dye that has been used to 
determine the growth of bacteria or yeast in contaminated milk and other biological fluids (Erb and 
Ehlers 1950). This assay is based on the reduction of oxidized non-fluorescent resazurin by living 
cells to the pink highly fluorescent resorufin (Figure 1-11) (Rolón et al. 2006) with pka value 6.71 
(Sabnis 2007).  
Kingdom Protista 
Phylum Pyrrophyta 
Class Euglenoidea 
Order Euglenales 
Family Euglenaceae 
Genus Euglena 
Species Euglena gracilis  
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In mitochondria of the viable metabolic active cells, resazurin is effectively reduced to resorufin in 
the presence of diaphorase as the enzyme NADPH or NADH dehydrogenase (Shahan et al. 1994; 
Reed 2010). Further, it states that resazurin dye is generally nontoxic to cells or impairs cell 
viability and proliferation during the determination of the viable cell number (Mueller et al. 2013). 
Recently it has been reported that resazurin can be used for monitoring in-vitro cytotoxicity against 
a range of test materials. Commonly this chemical is used for screening viability of mammalian 
cells (Zhang et al. 2004; Buranrat  et al. 2008; Dienstknecht et al. 2010; Avila and Pugsley 2011), 
however, it can also be applied to fungi, bacteria and flagellate protozoan (Rolón et al. 2006; 
Rivoire et al. 2007; Duarte et al. 2009; Natto et al. 2012). 
 
 
 
Figure 1-11: Reduction of oxidised form (resazurin) to (resorufin) (Buranrat  et al. 2008)   
 
 
1.8 Summary of the literature findings 
Cyanide is used in gold extraction to leach gold from ore. Copper- and zinc-cyanide complexes are 
a result of the reaction of sodium cyanide in mill processes with copper and zinc which can exist 
naturally in high amounts in a low grade gold ore. These two complexes are discharged into tailing 
storage facilities TSFs in concentrations of approximately 50 mg/L (under normal operating 
conditions). Migratory birds and waterfowl are the most susceptible species to cyanide toxicity 
because of uncontrolled access to disposable cyanide waste in ponds and tailings storage facilities. 
Neither cyanide nor Cu- and Zn-cyanide complexes can bio-accumulate in animal tissue, but, the 
potential release of the toxic HCN in birds’ stomachs post oral ingestion is high and could cause 
acute toxicity. 
The development of a bioassay for metal-cyanide toxicity response that is calibrated against an 
animal model becomes important because it may be applicable to other pollution of air, water and 
Diaphorase (NADPH or NADH) 
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soil by cyanide. E. gracilis is a powerful tool for the assessment of environmental pollution by 
heavy metals such as copper, zinc and cadmium. It has been used for years to evaluate the negative 
effects of these pollutants in the environment. It can tolerate acidic pH (acid mine drainage) which 
might develop in the future.  
E. gracilis growth optimally at pH 3.5 which is similar to that of the upper gastrointestinal tract of 
birds where toxic HCN and CN- are formed upon ingestion of cyanide and metal-cyanide 
complexes. 
Following the Baea Maira cyanide spill incident in Romania in 2000 (UNEP-OCHA 2000), an 
international code of best practice was developed by mining companies for gold mine TSFs. The 
International Cyanide Management Code established 50 mg/L of WAD CN safety to the wildlife 
including birds. This safety level was based on observation in the field, and not on considerable 
toxicological data. This is why ICMI (2006) 50 mg/L WAD CN standard provides only a limited 
value to support arguments that this level is entirely safe to birds for ecological risk assessment 
purposes.  
Not all the available data about bird toxicity by NaCN were considered to be reliable and some of 
these studies omitted important information about the actual dose or methodology. The NICNAS 
assessment found that there is a lack of toxicity data to properly assess the environmental 
significance of cyanide levels at gold mines.  
Furthermore current methods in-vivo or in-vitro for evaluating cyanide, copper- and zinc-cyanide 
dealt with aquatic toxicity. To date in-vitro studies data have not been calibrated against an animal 
model. Moreover no toxicological data in birds were available about the toxicity of copper- and 
zinc-cyanide complexes. 
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 : Hypothesis Development  Chapter 2
2.1 Hypotheses of the research 
The hypotheses of this study are proposed as: 
• That Euglena gracilis Z and SMZ is a predictive model to investigate the toxicity of copper, 
zinc, copper-cyanide and zinc-cyanide complexes that may be generated from gold mining 
extraction processes. 
 
•  That the chicken as a surrogate for bird model can be used for the calibration of Euglena 
gracilis Z and SMZ toxicity model.  
 
 
2.2 Objectives 
• To measure the IC50 (inhibitory concentration, 50%) of Euglena gracilis Z and SMZ cells after 
treatment with copper, zinc and the weak metal-cyanide complexes of copper and zinc.              
• To measure the toxicity of real environmental samples (e.g. tailings containing WAD CN using 
Euglena gracilis Z and SMZ strains. 
• To use the chicken as a surrogate model for wild birds species. 
• To calibrate copper- and zinc-cyanide toxicity of pure chemical solutions and a mine tailings 
solution against the chicken as an in-vivo model. 
• To determine at what concentration sodium cyanide, copper- and zinc-cyanide complexes start 
to assert their toxicity and thus determine the margin of safety, if any, with the industry 
recommended guideline concentration of 50 mg WAD CN/L. 
 
 
2.3 Research problem 
In this project the research problem is to assess the toxicity of copper- and zinc-cyanide complexes 
by using Euglena gracilis Z and SMZ strains as a predictive model and to calibrate against an 
animal model such as chickens as an alternate model for birds. Note that copper- and zinc-cyanide 
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complexes are generated in tailings from gold mining and provide a practical reason for wanting to 
measure their toxicities. 
To address the objectives and the hypothesis, the following research questions include: 
 
1. How to quantify the toxicity copper, zinc, copper-cyanide and zinc-cyanide complexes to the E. 
gracillis Z and SMZ, respectively using dose response curves and probit analysis? 
 
2. How to quantify the acute toxicity of copper-cyanide and zinc-cyanide complexes to chickens as 
a surrogate species for birds? 
 
3. How to use the acute toxicity of copper-cyanide and zinc-cyanide complexes to chickens to 
calibrate the toxicity of these complexes to the E. gracilis Z and SMZ strains? 
 
 
2.4 Aim 
The aim of this study is to develop and validate E. gracilis Z and SMZ strains as a potential in-vivo 
tool for the evaluation of sodium cyanide, copper- and zinc-cyanide complexes toxicity and whole 
mixture cyanide-bearing tailings toxicity in general. 
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 : General Materials and Methods Chapter 3
3.1 Preparation of copper-and zinc-cyanide complexes 
Copper I cyanide (CuCN) and zinc-cyanide (Zn(CN)2) are soluble in ammonia or cyanide solution. 
The use of ammonia to dissolve these compounds results in ammonia complexes and not the metal-
cyanide complexes of interest. 
It is important to note that the dominant species in the tailings varies as the Cu:CN and Zn:CN 
ratios vary. The pH value is also important in determining copper- and zinc-cyanide species, and 
when these solutions contact with the Euglena at pH 3.5, or in the bird’s stomach, the speciation of 
copper- and zinc-cyanide also changes. Hence, the pH is less critical but the solutions must be 
stable and the metals remain dissolved. Metal-cyanide solutions were obtained by dissolving CuCN 
and Zn(CN)2 in the stoichiometric ratio of  NaCN solution to yield copper- and zinc-cyanide 
complex mixtures. 
Figure 3-1 and 3-2 show the copper- and zinc-cyanide species, respectively, in aqueous solution 
versus pH, generated by OLI System Inc thermodynamic modelling software at CSIRO Process 
Science and Engineering (provided by Dr. Paul Breuer). As mentioned earlier the pH is important in 
determining the actual copper- and zinc-cyanide species that are present in the solution. 
Copper-cyanide complex mixed species was prepared as CuCN:NaCN = 1:3 at pH 11 to avoid HCN 
loss. The dominant species of the copper-cyanide complex mixed species was copper (I) tricyanide 
ion, cyanide ion and a small amount of copper (I) tetracyanide ion (Figure 3-1).  
Zinc-cyanide complex mixed species was prepared as Zn(CN)2:NaCN = 1:2 at pH 10 because 
Zn(OH)x species start to form in equilibrium with the Zn(CN)x species above pH ~10. The 
dominant species of the zinc-cyanide complex mixed species was zinc tetracyanide ion, zinc 
tricyanide ion, hydrocyanic acid and cyanide ion (Figure 3-2).  
A stock solution and the related serial dilutions of the chemicals were pH adjusted to 10 (for zinc-
cyanide complex mixed species) and 11 (for of copper-cyanide mixed species) using NaOH and 
measured using a digital pH meter (Industrial Equipment and Control Pty Ltd, Australia). 
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Figure 3-1: Changes in speciation with pH for CuCN: NaCN= 1:3 (this diagram was 
generated by Dr. Paul Breuer using the OLI thermodynamic modelling software) 
 
 
 
Figure 3-2: Changes in speciation with pH for Zn(CN)2:NaCN = 1: 2 (this diagram was 
generated by Dr. Paul Breuer using the OLI thermodynamic modelling software) 
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3.2   Chemicals, consumables and media 
CuCN (Lot #: A0295310) was purchased from Acros Organics, New Jersey (USA). Zn(CN)2 (Lot #: 
MKBG8557V) was purchased from Sigma-Aldrich, MO 63103, (USA). Sodium cyanide (Lot #: 
24353452) was obtained from Fisons, NSW 2140, (Australia). CuSO4.5H2O and ZnSO4.7H2O were 
purchased from Ajax Finechem, NSW 2147, (Australia) and Standard Laboratories Pty. Ltd. 
Melbourne, (Australia), respectively. Resazurin sodium salts (Lot #: MKBH0244V) was obtained 
from Sigma –Aldrich, MO 63103, (USA) and stored away from light at 4○C. 
Autoclaved Milli-Q water (Type I Milli-Q water (18Ωcm-1) Q-Gard, Millipore Ltd, Billerica, MA, 
USA) was used to prepare the stock solutions of NaCN, CuSO4.5H2O, ZnSO4.7H2O, copper-
cyanide complex mixed species at pH 11 and zinc-cyanide complex mixed species at pH 10. All 
chemicals used were of analytical grade. Plastic tubes, 96 well micro-plates (3596 Costar®, 
Corning Incorporated, NY, USA) and glassware were sterilised before use. Koren -Hutner medium 
(K-H) at pH 3.5 and Composite medium at pH 5 were prepared as described in Koren and Hutner 
(1967) and Einicker-Lamas et al. (1996), respectively. 
 
 
3.3   Tailings samples  
Barrick Cowal operation at Lake Cowal, New South Wales kindly supplied a sample (250 mL) of 
their tailings solution (CIL tail post CN destruction with sodium metabisulphite SMBS).  
The Cowal Gold mine is an open pit mine operation located at the edge of Lake Cowal in Central 
New South Wales, Australia, approximately 37 km north of West Wyalong and approximately 350 
km west of Sydney (Woffenden et al. 2008). 
Data for WAD and total cyanide concentrations were obtained by analysis of the tailings sample 
(Appendix I) using the USEPA OIA-1677 (USEPA 1999) and ASTM D 7511 (ASTM 2012) 
methods respectively and an OI Analytical CNSolution™ cyanide analyser at CSIRO Process 
Science and Engineering (provided by Dr. Paul Breuer). The metals in the tailings sample were 
analysed by using ICP-OES. The key composition of the tailings sample in mg/L was 22.1 WAD 
CN, 24.1 total CN, 1510 OCN-, 1200 SCN- and 42 Cu. 
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3.4   Analysis of cyanide solutions 
The measured concentrations of WAD CN, total cyanide and Cu and Zn in the cyanide test 
solutions for all experiments that had been conducted on Euglena gracilis and chickens were 
confirmed by chemical analysis (provided by Dr. Paul Breuer) (Section 3.3). 
Two replicates of the blank, serial dilutions and the stock solution of NaCN, zinc-cyanide complex 
mixed species (Section 3.1) at pH 10 and copper-cyanide complex mixed species (Section 3.1) at 
pH 11 were prepared and preserved according to the standard APHA procedure (APHA 2012).  
Black plastic bottles (125 mL BLACK HDPE POISON 28-410) were purchased from Cospak Pty 
Ltd, Warehouse 5, Acacia Ridge Industrial Estate, 25 Industrial Crescent, Willawong, QLD 4110 
and filled to the lip (with no air space) with each cyanide solution before shipping to the CSIRO 
Process Science and Engineering Laboratory, Waterford WA 6152.  
For NaCN only untreated and treated samples with NaOH were sent for analysis to check if there is 
any loss of free and WAD cyanide from unpreserved samples. All the data were calculated as WAD 
and total cyanide (Appendix, II, III, IV and V). 
 
 
3.5   Euglena gracilis Z and SMZ culturing 
Both strains of Euglena gracilis Z and SMZ were kindly provided by Professor Tetsuya Suzuki 
(Graduate School for the Creation of New Photonic Industries, Hamamatsu, Japan). Culturing of 
Euglena gracilis Z and SMZ was done under aseptic conditions.  
In an early part of the experimental process, two growth media for the eukaryotic cell E. gracilis 
were assessed with Koren-Hutner (K-H) medium at pH 3.5 and Composite medium at pH 5 with the 
intention of selecting one. Composite medium was used previously by Einicker-Lamas et al. (1996) 
to study the effects of cadmium on Euglena gracilis membrane lipids and in another study to 
investigate the toxicity and accumulation of copper and zinc on Euglena gracilis (Einicker-Lamas 
et al. 2002). Composite medium is composed of a complex mixture containing bacto-tryptose, liver 
infusion broth, yeast extract and sucrose (Einicker-Lamas et al. 1996) (Appendix VI). 
On the other hand, K-H medium has been extensively used as a medium of choice for Euglena 
gracilis in many studies. For instance, E. gracilis was cultured in K-H medium (as a model for 
toxicological studies) after exposure to cadmium (Watanabe and Suzuki 2002) and sodium arsenite 
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(Sato et al. 2005). Koren -Hutner medium is a nutrient rich high-yield media containing high levels 
of glucose and many organic acids (Appendix VI). 
However, only limited work was done with the cells that incubated in Composite medium pH 5 and 
the cell growth rate was only monitored by absorbance at 610 nm for the toxicity evaluation of 
CuSO4.5H2O, ZnSO4.7H2O and NaCN. Because we found that the mutant strain SMZ required more 
time to grow in the Composite medium at higher pH of 5 which intensely impairs the accuracy of 
the cytotoxicity results.  
Furthermore, growing Euglena gracilis in acidic pH 3.5 can simulate the upper G.I. tract of animals 
(e.g. chickens and birds) where dissociation of metal-cyanide complexes occurs. Moreover, the 
results confirmed that K-H medium promotes a good growth rate for both strains of Euglena 
gracilis and served the objectives of the project. Therefore, the presented work standardised the 
experimental condition with K-H medium at pH 3.5 and omitted Composite medium for studying 
the toxicity in the Euglena model.  
To this end, K-H medium at pH 3.5, the optimum pH of growth for E. gracilis Z and SMZ that 
mimics the levels of stomach acid (HCl) in birds' stomachs, was chosen as a growth medium for E. 
gracilis Z and SMZ to investigate the toxicity of cyanide and metal-cyanide complexes of copper 
and zinc. 
The intention of including the cytotoxicity results of Composite medium in this study is to assist in 
deciding about the suitability of the growth medium before implementing the cytotoxicity 
assessment using E. gracilis Z and SMZ. 
Both autotrophic Z and heterotrophic SMZ cells were incubated at room 28°C with 12:12 h light/ 
dark cycle (2800 lx, 36.4 µmol/s/m2); however, the mutant SMZ strain (without chloroplast) was 
cultivated in darkness with (aluminium) alfoil wrapping. 
 
 
3.5.1 Test procedure  
Euglena gracilis Z cells were used for toxicity assessments in their log phase and SMZ cells in their 
stationary phase to provide the required cell density within a short time frame for every experiment. 
These are in accordance with previous studies by other researchers (Cook and Heinrich 1968; Spare 
et al. 1978; Sato et al. 2005; Ohta and Suzuki 2007). 
Euglena gracilis Z cells (195 µL) in their log phase and SMZ cells in their stationary phase were 
transferred and inoculated into 96 well micro-plates containing 5 µL of the toxicant. This procedure 
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was done to examine the toxicity of the CuSO4.5H2O and ZnSO4.7H2O and only for reading cell 
turbidity (absorbance) at 610 nm assay. The toxicities of NaCN, copper-cyanide complex mixed 
species at pH 11 and zinc-cyanide complex mixed species at pH 10 were measured in a closed 
environment by using 2 mL screw-capped glass bottles (short thread vial 32×11.6 mm, Thermo 
Fisher Scientific, Victoria, Australia). Diluted cell suspensions (1365 µL) of Z and SMZ cells were 
transferred into the clear and amber glass bottles, respectively containing (35 µL) of the toxicant. 
The closed system was used to prevent volatilisation of HCN (the closed system has been used to 
test all chemicals that mentioned above by resazurin assay (see examples of test vials in Figure 4-6 
(B)). 
At the test pH of 3.5 it is assumed that all cyanide is present as HCN (Figure 1-2) (Johnson 2015). It 
is noted that the Log Kow for HCN is 0.66 (ATSDR 2006) indicating that HCN has a high solubility 
in water. According to Henry's law P=KHCN; where P is the partial pressure of the solute in the gas 
above the solution. C is the concentration of the solute and KHCN is a constant known as Henry's 
constant (LaGrega et al. 2001). The units used are: P (atm), KHCN (atom/mol), C (mol/L or M). A 
validated value of Henry's constant for HCN is given by (Ma et al. 2010) as 9.86 M/atm at 25oC or 
0.10142 atm/M. The partial pressure PHCN is calculated at T=25oC (298 degree K) and the solution 
concentration of HCN. 
The concentration of HCN in the vapour (unit gmol/cm3) can be calculated from the following 
Equation 3-1 (Chau 1999): 
 
Equation 3-1: Concentration of HCN in the vapour 
 
 − 	
	 = 	− 	
	()	/	()		(	)	 
 
Using R = 82.05 (for gmol/cm3) and T deg K = 298 (25 oC) and 1 gmol/cm3 = 1000 mole/L. 
Therefore CHCN-vapour = (units gmol/cm3) x 103 =moles/L. 
 
Equation 3-2: Percentage of saturation HCN in vapour 
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The % saturation of HCN in vapour above test solution for the concentrations of cyanide 
corresponding to LC10, LC50 and LC90 is calculated and is presented in Table (AVII.1) in Appendix 
VII. According to these calculations HCN vapour in the headspace is < 5.0% regardless of the 
concentration in solution. The % saturation of HCN in vapour is very low because of the high 
solubility of cyanide in solution and according to Henry's law it must be in equilibrium with the 
liquid in solution.  
All samples used for an individual experiment were taken from one culture. Cells were treated with 
different serial dilutions of the five toxicants (CuSO4.5H2O, ZnSO4.7H2O, NaCN, copper-cyanide 
complex mixed species at pH 11 and zinc-cyanide complex mixed species at pH 10) (Appendix 
VIII) and environmental samples (tailings solution) for short-term experiment of 24 h and 48 h.  
Comparison of expected NaCN and measured concentrations in the toxicity testing solutions 
generally gave good agreement with the NaOH preserved solutions. Some reduction in CN 
concentration was observed without NaOH preservation of the solutions (Appendix IX). 
Inoculation cells into the wells or vials containing no toxicant represented as a control group. The 
pH of the K-H medium was measured constantly before and after the addition of each toxicant (the 
pH remained at 3.5 in all experiments).  
 
 
3.6   Toxicity evaluation of cyanide and metal-cyanide complexes in the chicken 
The aim of this experiment was twofold: (i) To use the chicken as a surrogated model representing 
wild bird species and determine the concentrations of  NaCN, copper-cyanide and zinc-cyanide 
complexes (mixed species) and one mine tailings sample that show toxicity; and (ii) To calibrate the 
toxicity for the Euglena gracilis Z and SMZ IC50 concentrations against the chicken model.  
Furthermore, the toxicity testing of sodium cyanide, the two metal-cyanide complexes and tailings 
sample individually in chickens will allow comparison of the findings against the designated (ICMI 
2006) guideline level of 50 mg WAD CN/L for the protection of wildlife. Animal experimental 
procedures were approved by the University of Queensland Animal Ethics Committee (AEC No. 
SVS/365/13/ANNANDALE). 
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3.6.1 Chicken and housing   
Two to three weeks old male broiler chickens (Ross) were obtained from a commercial hatchery 
and kept in an environmentally controlled room for 3 days to allow recovery from transportation 
and acclimatisation prior to the experiment. Chickens were housed in cages in a secure room at the 
Queensland Animal Science Precinct (QASP), Gatton Campus, the University of Queensland 
(Figure 3-3). 
 
        
Figure 3-3: Broiler chickens housed in cages in a secure room at the Queensland Animal 
Science Precinct (QASP), Gatton Campus, the University of Queensland 
 
 
3.6.2 Diet 
Chickens were fed a starter diet (Ridley AgriProducts) and water ad libitum until the day of the 
experiment. Feed analysis data of the diet is shown in Appendix X. Water and food were withdrawn 
1 h and 2 h, respectively, prior to the dosing of sodium cyanide, metal-cyanide complexes and the 
tailings sample. 
 
 
3.6.3 Experimental design 
This study was intended to identify sub-clinical signs of toxicity with cyanide without inducing 
severe clinical signs or deaths occurring that have been reported previously for sodium cyanide in 
other experiments. For this reason, chickens were dosed orally with doses lower than the confirmed 
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LD50 dose of 21mg/kg of NaCN that was reported in domestic chicken by Wiemeyer et al. (1986) 
considering 0.1 mL/100 g BW as a constant dose volume for the oral gavage.  
Initially three chickens were treated if the toxicity signs are observed in these chickens; the next 
lower dose was used in three different chickens and so on. Once evidence of toxicity had 
disappeared (No Observable Adverse Effect Level, NOAEL), the study was stopped and interpreted 
as a safe dose/level of cyanide for chickens. Additionally, the lowest concentration or amount of 
cyanide that caused disturbance to the chickens (Lowest Observable Adverse Effect Level, 
LOAEL) was also determined for NaCN. 
 
 
3.7 Monitoring parameters and sampling procedure 
3.7.1 Clinical signs  
Chickens were monitored constantly during the experiment and the clinical signs were recorded 
post each treatment. Clinical signs observed involved the action of: (a) Neurological system: 
restless movements, lethargy, vocalisation changes, ataxia, uncontrolled movement (dystonia, bill 
shaking), seizures/convulsion and unconscious; (b) Respiratory system: changes in respiratory rate, 
dyspnoea, shortness of breath and respiratory arrest; (c) Cardiovascular system : heart rate and sinus 
tachycardia (palpitations, arrhythmias); (d) Gastrointestinal system: changes in eating and drinking 
behaviour, and signs of vomiting; and (e) Other behavioural changes and shock syndrome: 
depression/lethargy, fluffed up, urinating, defecating, tailing bobbing and head nodding. 
 
 
3.7.2 Body temperature 
Body (rectal) temperature of treated and untreated chickens was generally taken within less than 10 
s after the chicken was handled with a digital medical thermometer (Medispot) that was inserted 
approximately 30 mm into the cloaca. The thermometer was calibrated against a manufacturer-
calibrated standard alcohol thermometer and found to be accurate within ± 0.1°C. The measurement 
of the body temperature of the chickens was carried out at various time intervals pre- and post-
dosing. 
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3.7.3 Fate of birds 
Treated and control test chickens were euthanised by an intravenous administration of 10 mg/100 g 
BW of sodium pentobarbitone (Lethabarb, Virbac, Australia Pty Ltd, Milperra, NSW 2214, 
Australia) and immediately necropsied. 
 
 
3.7.4 Necropsy 
At necropsy, examinations for all chickens were carried out, and gross pathological changes, if any, 
for control and cyanide-treatment chickens were recorded. Histopathological investigations were 
performed for all treated chickens after 2 h, including chickens that died or were euthanised prior to 
2 h (birds that showed severe clinical signs). Brain, kidney, heart and the liver were removed and 
dissected out from the chicken. The dissected sample was fixed in 10% formalin.  
Thereafter, samples were processed and stained with haematoxylin and eosin (H&E) at the 
histology facility of School of Veterinary Science, the University of Queensland, Gatton, 4343. 
Microscopic slides were examined and assessed by a light microscopy (40x and 100x). A digital 
camera connected to the microscope was used to record images. Any pathological changes observed 
in treatment groups were compared with those of control chickens. 
 
 
3.7.5 Alimentary track pH measurements 
The gastrointestinal tract were removed and the pH values of the crop, proventiculus, duodenum 
and ileum were measured by using a digital meter (Handheld pH-mV-Temperature Meter, Model 
MC-80, TPS Pty Ltd, Brisbane, Springwood 4127 QLD, Australia). The instrument uses a Redox 
electrode and has a pH-range from 0.00 to 14.00, and pH-relative accuracy ± 0.01. For an accurate 
measurement of pH in the chickens, food and water supply was removed from the cage at 2 h and 1 
h respectively, prior to euthanising time for each chicken. 
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3.7.6 Inductively Coupled plasma Mass Spectrophotometer ICP-MS analysis 
for liver and kidney 
Metal analysis was carried out to determine the concentrations of Cu and Zn in the soft tissues (liver 
and kidney) of chickens dosed with copper-cyanide and zinc-cyanide complexes. According to 
Cunniff and Association of Official Analytical (1995), aliquots of 300 mg of dried tissues were 
soaked in 2 mL of concentrated nitric acid in a 50 mL tube overnight in order to digest. The sample 
digests were then placed in a 60ºC water bath for 4 h (until the liquor was clear).  
The digestion solution was allowed to cool to room temperature then diluted to 50 mL with Milli-
Q® water. A volume of 4.5 mL of the diluted digest was further diluted with 0.5 mL 2% HNO3 and 
0.1 mL internal standard (Li, Ge, In, Bi, Rh, Y and Sc) (CHOICE Analytical Pty Ltd, NSW, 
Australia) for ICP-MS analysis (Agilent 7500cs, Agilent Technologies, Inc., USA). The bovine 
liver certified reference material NIST 1577b (NIST, USA) was used for quality control and 
processed as the samples.  
Three replicates of liver and kidney were taken from three individual chickens at each sampling 
points and analysed. The processed sample solutions were centrifuged at 3000 rpm (906 g force) 
prior to ICP-MS analysis together with a series of freshly prepared analytical standard solutions and 
spiked solutions with added internal standards. 
 
 
3.8 Statistical Analysis 
GraphPad Prism software (Prism version 5.03, GraphPad 2236 Avenida de la Playa, La Jolla, CA 
92037 USA, USA) was used to calculate the inhibition of 50% of the grown cells (Z and SMZ cells 
IC50) as the endpoint of the test. Data were imported from Excel (Microsoft for Windows-2010) to 
Prism software for the calculation of IC50 against exposure time by using the non-linear regression 
four parameters analysis. Controlled cells represented 100% of the growth rate.  
Noteworthy, all calculated IC50 for cyanide and cyanide-metal complexes were based on the actual 
amount of the WAD cyanide measured concentrations. Student t-test was used to determine the 
difference between (two groups) Z and SMZ cells and one- way ANOVA followed by Tukey's 
multiple comparisons test was used to determine the differences between more than two groups 
(between toxicants) when required. P values less than 0.05 were considered as significant results 
(95% confidence intervals).  
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The data (means) for the pH measurement, ICP-MS analysis and body temperature for chickens 
(obtained from at least 3 chickens per treatment group) was analysed statistically using one-way 
ANOVA followed by (Tukey's multiple comparisons test) and t-test to determine if there were 
differences between control and treatment groups (when needed). The level of statistical 
significance was determined at p≤ 0.05 unless otherwise stated. 
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Chapter 4 : Developing a practical 
cytotoxicity assay using Euglena gracilis to 
measure the toxicity of metal-cyanide 
complexes 
4.1  Introduction 
The annual usage of cyanide in gold mining industry has intensely increased in the last few decades 
in response to the increase of gold price and demand. In hydrometallurgical gold recovery, aqueous 
cyanide solution is used to extract gold from ore through two processes using vat-leaching and/or 
heap-leaching ending by discharging cyanide waste into storage ponds and dams (MPC 2000).  
Gold is found in sulfide mineralisation and other ores which collectively contain other constituents 
including heavy metals. Copper and zinc from tens to thousands of mg/kg are commonly found in 
gold ores and the cyanide complexes with copper and zinc are formed from the reaction of cyanide 
during the metallurgical process. Copper-cyanide complexes are classified as moderately strong or 
weak acid dissociable cyanide complexes (WAD CN) while zinc-cyanide complexes considers as 
weak acid dissociable cyanide complexes (Logsdon et al. 1999; Environment Australia 2003). 
The stability of cyanide and its metal complexes in the tailings dams and other mine structures is a 
subject of concern by mining operators and the public community. Gold cyanide-bearing tailings 
solutions are alkaline pH (10-12) under normal environmental conditions. However, mining of 
mineralisation with reactive sulfides can lead to the generation of acid rock drainage by increasing 
the exposed surface zone of sulfide ore to oxygen and water (Johnson and Hallberg 2005). The low 
pH of the acid rock drainage and hydrolysis reaction with metal sulfides can increase the 
concentrations of metals such as, Al ,Cu, Fe, Mn and Zn together with cyanide in mine water which 
may contaminate surface and ground water if discharged as runoff (Jennings et al. 2008).  
Frequently, at pH < 10 the conversion of some of the cyanide ion CN- into HCN in solution can 
take place and at high concentrations can lead to mortality of aquatic and wild-life species upon 
exposure. Ingestion and absorption of the WAD CN by wildlife including birds can release cyanide 
ion when these cyanide-metal complexes are in contact with the acid pH of the stomach (Akcil 
2006; Donato et al. 2007). 
The occurrence of substantial environmental incidents and spill of sodium cyanide motivated the 
voluntary industry program known as the International Cyanide Management Code for the 
62 
 
Manufacture, Transport and Use of Cyanide in the Production of Gold (ICMC). However, meeting 
this guideline still requires further investigation as indicated in Section 1.1 in order to improve and 
maintain a healthy environment for wildlife if exposed to cyanide. 
Although there is a lack of species and data for toxicity testing of cyanide bearing solution at gold 
mine, the use of animals for research and testing purposes has remained a very controversial topic 
during the last two decades. Therefore, the selection of alternative test species that are suitable for 
measuring cyanide toxicity is required. The fresh water protozoon, Euglena gracilis is a promising 
test species as it has been used extensively as a toxicity model for the toxicants in solution. 
Euglena gracilis has been used as an “indicator species” in different toxicological studies due to it 
interesting adaptability in acidic environment down to pH 3 and its capacity to exist in both plant- 
and animal-like polymorphs (McKay 2013). Euglena gracilis Z (plant like) model with 
chloroplasts, grows in the presence of light (phototrophic) and behaves like higher plants, whereas 
the mutant SMZ model (animal like) without chloroplasts grows with the lack of illumination 
(heterotrophic) and behaves like higher mammals (Einicker-Lamas et al. 2002).   
Euglena gracilis can tolerate low pH (the optimum pH is 3.5) (Koren and Hutner 1967; McKay 
2013) and this characteristic is essential to provide theoretically a comparable condition with pH in 
the bird’s stomach and also with acid rock drainage. It is important to note that other algal cells 
would not tolerate acid conditions hence is not possible to stimulate the acidic stomach condition 
where toxic cyanide including metal-cyanide complexes may release upon exposure. In addition to 
the above mentioned unique characteristics, the low cost, easy culturing and rapid growing of 
Euglena gracilis fulfils the requirements as a bioassay organism (Ahmed and Häder 2010). 
In this study we have developed a rapid unicellular assay as a surrogate for a bird model using 
Euglena gracilis Z and SMZ strains to measure the toxicity of CuSO4.5H2O, and ZnSO4.7H2O as 
standards solutions for metal toxicity, free cyanide for copper-cyanide and zinc-cyanide complexes. 
Subsequently, the Euglena toxicity test was applied to a real environmental sample obtained from 
an active gold mine site (see Section 3.3). 
Establishing a consistent, robust and reproducible result for the cytotoxicity assessment of cyanide 
and metal-cyanide complexes using E. gracilis Z and SMZ is a key priority for this project.  
Therefore, the two strains of E. gracilis were evaluated and compared to develop a practical 
cytotoxicity assay with the intention of selecting the most relevant and suitable one to measure the 
toxic dose of cyanide and metal-cyanide complexes. The first method used spectrophotometry 
(absorbance) at 610 nm wavelength. This method was applied successfully for determination of the 
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growth rate for Euglena after exposure to cadmium (Watanabe and Suzuki 2002) and sodium 
arsenite (Sato et al. 2005). 
The second method was the resazurin assay which based on the reduction of resazurin (blue and 
non-fluorescent) in mitochondria to resorufin (pink and brightly fluorescent) in the presence of 
diaphorase as the enzyme, NADPH or NADH dehydrogenase by viable metabolic active cells. 
Resazurin assay was used for screening viability of mammalian cells as well as fungi, bacteria and 
flagellate protozoan (Zhang et al. 2004; Rolón et al. 2006; Rivoire et al. 2007; Buranrat  et al. 2008; 
Duarte et al. 2009; Natto et al. 2012). 
Accuracy and precision for the selective assay used for this project was determined through direct 
cell counting to the one of metal-cyanide complex mixed species. 
Importantly, resazurin assay was chosen as one of the tested methods for this project for two 
reasons: 
(i) As part of another study (Teimouri Sichani 2014) in this laboratory, both MTS assay and ATP 
assay (two viability assays) were evaluated and used to measure the toxicity response of Euglena 
gracilis to free cyanide and weak and strong metal-cyanide complexes. However, both assays 
showed limitations. The MTS assay as a colorimetric assay did not develop the reddish brown 
colour referring to formazan production; while preforming ATP assay showed high standard errors 
and wide confidence intervals of IC50 obtained for each treatment group due to signal dispersion; 
and 
(ii)  Resazurin assay was reported (O'Brien et al. 2000; Zhang et al. 2004; Buranrat  et al. 2008) as a 
sensitive screening tool that can be used for detecting responses to a range of cell types. 
The types of incubation medium and incubation time of resazurin can affect the consistency of the 
metabolic assay (Buranrat  et al. 2008). Therefore, optimisation of resazurin-based assay is 
necessary to provide resazurin test as a simple, rapid and high sensitive cytotoxicity test.  
To this end, parameters such as pH medium, medium and incubation period were optimised to 
allow of using resazurin for Euglena gracilis (optimisation of these parameters is discussed in 
details in Sections 4.2.3.1 and 4.2.3.2). 
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4.2 Materials and Methods 
4.2.1 Bioassays  
Euglena gracilis was exposed to NaCN, copper-cyanide complex mixed species at pH 11 and zinc-
cyanide complex mixed species (Section 3.1) at pH 10 in solutions as test compounds as well as 
CuSO4.5H2O and ZnSO4.7H2O as standards solutions for metal toxicity. In order to calculate the 
inhibition of 50% of cell growth (IC50) of Z and SMZ against exposure time as biological endpoint 
of the test, three assays were evaluated: 
1. Measurement of cell density (turbidity absorbance) at 610 nm; 
2. Resazurin assay (reduction of resazurin by viable metabolic active cells); and 
3. Direct counting of E. gracilis Z and SMZ cells with a haemocytometer for one compound (zinc-
cyanide complex mixed species) to validate the accuracy of the resazurin assay. 
 
 
4.2.2 Measuring the half maximal inhibitory concentration (IC50) of Euglena 
gracilis Z and SMZ by comparing cell turbidity at 610 nm 
Absorbance readings from cell turbidity at 610 nm were used to construct the dose-response curve 
and calculate the 48 h IC50 for E. gracilis Z and SMZ cells. Cells incubated in K-H medium were 
treated with various concentrations of the toxicants CuSO4, ZnSO4, NaCN, copper-cyanide complex 
mixed species at pH 11 (Section 3.1) and zinc-cyanide complex mixed species at pH 10 (Section 
3.1) for 24 h and 48 h. All cells used for an individual experiment were taken from one culture.  
As mentioned earlier (Section 3.5), cells grown in Composite medium pH 5 have shown some 
limitation in this study and therefore, cultured cells in Composite medium were only exposed to 
CuSO4, ZnSO4 and NaCN in this assay. 
The optical density was measured at 610 nm with a spectrophotometer (BIO-RAD 
spectrophotometer, 10230, xMarkTM) to monitor the growth rate of E. gracilis (Watanabe and 
Suzuki 2002; Sato et al. 2005). Cells were counted in a haemocytometer for the calibration of 
optical density. The initial cell number used in the experiment was around 1×105 cells/mL in K-H 
medium and 1.8 ×105 cells/mL for the Composite medium. In each treatment-concentration 5 
replicates were measured and the entire experiment was repeated at least 3 times for K-H medium 
and two times for Composite medium. 
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4.2.3 Development of resazurin assay to measure the half maximal inhibitory 
concentration (IC50) of Euglena gracilis Z and SMZ  
The determination of IC50 values was also undertaken using the resazurin assay to assess the 
toxicity Euglena gracilis Z and SMZ of pure salts solutions of copper sulfate, zinc sulfate, and 
sodium cyanide, copper- and zinc-cyanide complex mixtures.  
This assay is based on the reduction of resazurin (blue and non-fluorescent) by living cells to 
resorufin (pink and brightly fluorescent) (Figure 1-11) (Natto et al. 2012). Resazurin assay 
estimates mitochondrial enzyme activity, which is related to the metabolically active cells. The 
amount of resazurin conversion is proportional to the number of metabolically active living cells. 
 
 
4.2.3.1 Adjustment of the experimental condition 
During the resazurin measurement and under acidic solution, the resazurin dye reduced immediately 
to the pink florescent resorufin in the absence of the living cells. Resazurin pKa value is 6.71 and 
the pH range for colour change is from 3.8 to 6.4. The addition of resazurin to the K-H medium at 
pH 3.5 can convert the blue colour of resazurin to the pink colour (resorufin) rapidly.  
Therefore, it is important to ensure the pH of the medium is at neutral condition (pH 7, normal cell 
physiological condition) post toxicant exposure for the optimisation of colour/fluorescent 
conversion and standardisation of the resazurin assay. Consequently, 200 µL of K-H medium at pH 
7, phosphate-buffer saline PBS at pH 7, and filtered water adjusted to pH 7 using NaOH with and 
without cells, were incubated with the resazurin dye. Fluorescence was monitored over 4 h to assess 
the effect of the different media and pH on the fluorescence of resazurin (Figures 4-1, 4-2 and 4-3).  
The fluorescence signal of the blank (K-H medium at pH 7 without cells) was increased during the 
assay incubation period, suggesting that using K-H medium at pH 7 would lead to false viability 
assessment of Z and SMZ cells in this assay (Figure 4-1). Phosphate buffered saline at pH 7 was 
evaluated as a blank (without cells) as well as a negative control (incubated with Z and SMZ cells). 
Both the blank and the negative control did not show any fluorometric changes during the 
incubation period over 4 h (Figure 4-2). Another attempt using filtered water (adjusted to pH 7) was 
also carried out. The results were promising due to bio-reduction of resazurin by viable Z and SMZ 
cells in water and constant florescence signal of the blank throughout the incubation time. Therefore 
water was used in subsequent resazurin assays (Figure 4-3). Noteworthy, changing pH from 3.5 to 7 
does not change cell viability for the negative control. 
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Figure 4-1: Fluorescence signal of the Koren-Hutner medium at pH 7 (blank and controls) 
throughout the incubation time of 4 h. Each bar is the mean ± SD, n=3 and two repeats 
 
 
 
 
 
 
 
Figure 4-2: Fluorescence signal of the PBS at pH 7 (blank and controls) throughout the 
incubation time of 4 h. Each bar is the mean ± SD, n=3 and two repeats 
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Figure 4-3: Fluorescence signal of the filtered water at pH 7 (blank and controls) throughout 
the incubation time of 4 h. Each bar is the mean ± SD, n=3 and two repeats 
 
 
4.2.3.2  Time of incubation 
One of the parameters for consideration is assay incubation time. Generally cells were incubated at 
37○C for 1- 4 h to allow viable cells to reduce blue non-fluorescent resazurin to the pink fluorescent 
resorufin. Incubation times depend on cellular metabolic activity and cell density. In order to 
determine the optimal incubation time for Z and SMZ cells in this assay, multiple readings were 
taken at 0, 2, 4, 6, 18, 20, 22 and 24 h after addition of the resazurin dye.  
Fluorescence was read at the end of each incubation time interval using a FLUOstar Optima 
microplate reader (BMG LABTECH, Allmendgruen 8, D-77799 Ortenberg, Germany). Figure 4-4 
shows the optimum length of incubation times of Z and SMZ cells with resazurin. An incubation 
period of 4 h provides sufficient intensity and falls in the almost linear phase of the curve before it 
reaches a plateau for Z and SMZ cells density of 0.5×105 cells/mL. 
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Figure 4-4: Metabolic activity (fluorometric changes) for Z and SMZ cells as a function of 
incubation time with resazurin. Each point is the mean ± SD, n=3 and two repeats 
 
 
4.2.3.3  Resazurin technique 
Following exposure to the different toxicants, the culture medium of E. gracilis Z and SMZ was 
discarded and the cells were washed twice with filtered water (adjusted to pH 7). 8 µL of a 400 µM 
resazurin in sterilised PBS at pH 7 solution was added to the control and treatment cells then 
inoculated in a 96 well plate as described previously (O'Brien et al. 2000; Schriks et al. 2006; 
Freitas et al. 2011) (Appendix XI).  
After 4 hours of incubation in the dark at 37ºC, fluorescence was measured at 530 nm excitation 
and 590 nm emission wavelengths using FLUOStar Optima microplate reader (BMG LABTECH, 
Allmendgruen 8, D-77799 Ortenberg, Germany). In each treatment 6 replicates were used and the 
entire experiment was repeated 3 times (Figure 4-5). 
To test the toxicity of the metals, cyanide and metal-cyanide complexes, Euglena gracilis Z and 
SMZ were incubated at 28ºC noting that Euglena can tolerate a wide range of temperatures (McKay 
2013). However, the cells were incubated at 37ºC after the exposure time of the experiment to 
induce the chemical reduction of resazurin to resorufin as described previously for cell viability 
assessment (O'Brien et al. 2000; Schriks et al. 2006; Freitas et al. 2011). The higher temperature of 
37ºC should not affect the outcome of the results and this temperature is commonly found in the 
tropical regions in Australia and elsewhere when the ambient temperatures reach or exceed 37ºC. 
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As stated (O'Brien et al. 2000; Schriks et al. 2006) resazurin dye is generally nontoxic to cells. 
Further, control cell measurements confirmed it does not affect the cell (Euglena gracilis) viability 
in the experiment. 
 
 
 
 
Figure 4-5: Conversion of resazurin (blue colour) to resorufin (pink colour) after incubation 
time by SMZ cells seeded to a 96 well plate. 
 
 
4.2.4 Monitoring the growth rate and viability of Euglena gracilis by counting 
with a haemocytometer 
Direct counting of Z and SMZ cells with a haemocytometer was used to validate the accuracy of the 
resazurin assay. The main disadvantage of counting viable cells by the haemocytometer is the 
longer time required, and it is considered impractical for large-scale applications. Therefore only 
Euglena exposure to one test solution (zinc-cyanide complex mixed species at pH 10) was 
performed to validate the resazurin method.  
Euglena gracilis Z and SMZ were both treated with zinc-cyanide complex mixed species (Section 
3.1) for 24 h and 48 h. Cells were counted in a haemocytometer and stained with trypan blue (0.4%) 
to determine cell viability. In each treatment 6 replicates were used and the entire experiment was 
repeated twice.  
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4.2.5 Testing a tailings solution 
Details about the mine tailings solution are given in Section 3.3. The pH of the K-H medium was 
measured regularly before and after adding the mine tailings solution and it was stable at pH 3.5 
(the initial pH of the sample was 8.5). Resazurin assay was used to measure the toxic dose of the 
tailings solution to Euglena gracilis Z and SMZ. Firstly, tailings solution was filtered by using a 
Millex-GP syringe filter unit, pore size 0.22 µm, diameter 33 mm, Millex®, Bedford, USA (Figure 
4-6 A). Then the sample (original tailings “stock” solution) was diluted with Milli-Q water to 
generate a serial dilution (1/2 dilution series).  
Diluted cell suspension (1365 µL) of Z and SMZ cells were transferred into the 2 mL clear (Figure 
4-6 B) and amber glass bottles, respectively containing (35 µL) of the diluted tailings solution 
(closed system).  
Various concentrations (from 12.6 µM to 200 µM) of NaCN solutions were exposed to Z and SMZ 
cells as a positive control for the tailings solution. The exposure contact time was run for 24 h and 
48 h and the IC50 values for the Z and SMZ cells treated with the tailings solution and NaCN were 
calculated from 6 replicates and one run. 
 
 
 
  
A       B 
 
Figure 4-6: (A) Filtration of tailings sample, (B) incubation of Z cells with the toxicant 
(filtered tailings solution) in closed bottles (closed system) 
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4.3 Cytotoxicity Results 
4.3.1 Toxicity of metal and metal-cyanide complexes to Euglena gracilis Z and 
SMZ using spectrophotometry (cell turbidity at 610 nm) 
The IC50 values of the treated E. gracilis Z and SMZ cells with various concentrations of 
CuSO4.5H2O, ZnSO4.7H2O and NaCN solutions (Appendix VII) in Composite medium at pH 5 are 
listed in Table 4-1 and the differences between the IC50 values for Z and SMZ strains for each 
toxicant were statistically compared by using Student t-test (Section 3.8, Appendix XII.A.1). 
 
Table 4-1: Initial IC50 concentrations for Euglena gracilis Z and SMZ after 48 h exposure to 
different toxicants in Composite medium pH 5, the optical density was measured at 610 nm 
 
For the initial experiments, cells were grown in a Composite medium at pH 5 (Section 4.2.2)  
(Einicker-Lamas et al. 1996) as the acidity and the content of the culture medium might have an 
effect on readings from cells treated with metal, cyanide and cyanide complexes leading to 
unreliable results. Euglena gracilis Z and SMZ cells exposed to various concentrations of 
CuSO4.5H2O, ZnSO4.7H2O and NaCN were performed in Composite medium under this 
experimental condition. IC50 values for Z and SMZ cells after 48 h exposure to CuSO4.5H2O were 
1927 µM (95% CI: 1603 to 2317) and 1122 µM (95% CI: 893.8 to 1409), respectively (Table 4-1 
and Figure 4-7).There was no significant difference (p≥ 0.05) between the IC50 of Z and SMZ cells. 
The results revealed that there was a limited toxicity form ZnSO4.7H2O to either strain of Euglena 
gracilis up to 25,000 µM (Table 4-1 and Figure 4-7). IC50 values for Euglena gracilis Z and SMZ 
cells exposed to NaCN were 295 (95% CI: 185 to 470) and 382 µM (95% CI: 275 to 530) 
respectively (Table 4-1 and Figure 4-7). There was no significant difference (p≥0.05) between the 
IC50 of Z and SMZ cells. 
Toxicant  
 
IC50 Z strain (95%C.I.) IC50 SMZ strain (95%C.I.) 
 
CuSO4.5H2O 
 
1927 (1603 to 2317) µM 
 
1122 (893.8 to 1409) µM 
 
ZnSO4.7H2O 
 
Limited toxicity (tested up 
to 25000 µM) 
 
Limited toxicity (tested up to 
25000 µM) 
 
NaCN 
 
 
295 (185 to 470) µM 
 
324 (303 to 347) µM 
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Figure 4-7: 48 h growth inhibition curve for E. gracilis Z and SMZ in Composite medium pH 
5 exposed to various concentrations of CuSO4.5H2O, ZnSO4.7H2O and NaCN. Each point is 
mean ± SD, n=5 and two repeats 
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IC50 values of the treated Euglena gracilis Z and SMZ cells with of CuSO4. 5H2O, ZnSO4.7H2O, 
NaCN, copper-cyanide complex mixed species at pH 11 and zinc-cyanide complex mixed species at 
pH 10 in K-H medium pH 3.5 are listed in (Table 4-2). Note that all calculated IC50 for cyanide and 
metal-cyanide complexes were based on the actual measured concentrations of WAD CN in each 
treatment solution (Appendices II and III) and the differences between the IC50 values for Z and 
SMZ strains for each toxicant were statistically compared by using Student t-test (Section 3.8, 
Appendix XII.A.2). 
 
Table 4-2: IC50 values for Euglena gracilis strain Z and SMZ after 48 h exposure to different 
toxicants in K-H medium pH 3.5 measured by reading turbidity at 610 nm  
 
 
IC50 values for Z and SMZ cells after 48 h exposure to CuSO4.5H2O were 1856 µM (95% CI: 1513 
to 2277) and 3505 µM (95% CI: 2574 to 4772), respectively (Figure 4-8). There was no significant  
difference (p≥0.05) between the IC50 of Z and SMZ cells. The results showed that there was no toxic 
effect of ZnSO4.7H2O to either strain of Euglena gracilis up to 25,000 µM (Figure 4-8).  
IC50 values for Euglena gracilis Z and SMZ cells exposed to various concentrations of NaCN were 
57 µM (95% CI: 42 to 78) and 52 µM (95% CI: 36 to 74.5), respectively (Figure 4-8). There was no 
significant difference (p≥0.05) between the IC50 derived from Z and SMZ cells. The estimated IC50 
for Euglena gracilis Z and SMZ cells exposed to various concentrations of copper-cyanide complex 
mixed species at pH 11 was 178.1 µM (95% CI: 162 to 196) and 110 µM (95% CI: 92 to 131), 
respectively (Figure 4-8). There was no significant difference (p≥ 0.05) between the IC50 of Z and 
SMZ cells. IC50 values for Z and SMZ cells after 48 h exposure to and zinc-cyanide complex mixed 
species at pH 10 were 99 µM (95% CI: 75to 130) and  104 µM (95% CI: 83 to 130), respectively 
(Figure 4-8). There was no significant difference (p≥0.05) between the IC50 derived from Z and 
SMZ cells. 
Toxicant  IC50 Z strain (95%C.I.) IC50 SMZ strain (95%C.I.) 
CuSO4.5H2O 1856 (1513 to 2277) µM 3505 (2574 to 4772) µM 
ZnSO4.7H2O no IC50 up to 25000 µM no IC50 up to 25000 µM    
NaCN 57 (42 to 78) µM 52 (36 to 74.5) µM 
Copper-cyanide complex mixed 
species  
110 (92 to 131) µM 178.1 (162 to196) µM 
Zinc-cyanide complex mixed species 99 (75 to 130) µM 104 ( 83 to 130) µM 
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Figure 4-8: 48 h growth inhibition curve for E. gracilis Z and SMZ in K-H medium pH 3.5 
exposed to various concentrations of CuSO4.5H2O, ZnSO4.7H2O, NaCN, copper-cyanide 
complex mixed species and zinc-cyanide complex mixed species. Each point is mean ± SD, n=5 
and three repeats 
 
 
4.3.2 Toxicity of metal and metal-cyanide complexes to E. gracilis using 
resazurin assay 
The data displayed in Table 4-3 were obtained by reading (fluorescence) the plates 4 h after 
addition of resazurin. The differences between the IC50 values for Z and SMZ strains for each 
toxicant were statistically compared by using Student t-test (Section 3.8, Appendix XII.A.3). Note 
that all calculated IC50 values for cyanide and metal-cyanide complexes were based on the actual 
measured concentrations of WAD CN in each treatment solution (Appendices II and III). 
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Table 4-3: IC50 concentrations for Euglena gracilis strain Z and SMZ after 48 h exposure to 
different toxicants by resazurin assay 
 
*Note: Indicates a significant difference between Z and SMZ cells. 
 
 
IC50 values for Z and SMZ cells after 48 h exposure to CuSO4.5H2O (as a control for copper-cyanide 
complex mixed species were 314 µM (95% CI: 272 to 362.5) and 1830 µM (95% CI: 1318 to 
2540), respectively (Figure 4-9). There was a significant difference (p≤ 0.05) between the IC50 of Z 
and SMZ cells. Zinc sulfate (as a control for zinc-cyanide complex mixed species toxicity)
 
induced 
limited toxicity to either strain of E. gracilis with high IC50 values. The estimated IC50 for Euglena 
gracilis Z was 8461 µM (95% CI: 7336 to 9759) and 22768 µM (95% CI: 16200 to 32000) for SMZ 
(Figure 4-9). There was a significant difference (p≤ 0.05) between the IC50 of Z and SMZ cells.  
IC50 values for Euglena gracilis Z and SMZ cells exposed to various concentrations of NaCN were 
47.5 µM (95% CI: 39.7 to 56) and 39.2 µM (95% CI: 35.1 to 43), respectively (Figure 4-9). There 
was no significant difference (p≥ 0.05) between the IC50 derived from Z and SMZ cells. The 
estimated IC50 for Euglena gracilis Z and SMZ cells exposed to various concentrations of copper- 
cyanide complex mixed species was 40.1 µM (95% CI: 35.2 to 45.5) and 53.15 µM (95% CI: 48.12 
to 58.70), respectively (Figure 4-9). There was no significant difference (p≥ 0.05) between the IC50 
derived from Z and SMZ cells. IC50 values for Z and SMZ cells after 48 h exposure to zinc-cyanide 
complex mixed species were 15.5 (95% CI: 12.1 to 20) and 20.5 µM (95% CI: 16.2 to 25.9), 
Toxicant  IC50 Z strain (95%C.I.) IC50 SMZ strain (95%C.I.) 
CuSO4.5H2O*  314 µM Cu ( 20 mg Cu/L)  
(272 to 362.5 µM Cu )  
 
1830 µM Cu (116 mg Cu/L) 
(1318 to 2540 µM Cu) 
ZnSO4.7H2O* 8461 µM Zn (565 mg Zn/L) 
(7336 to 9759 µM Zn)  
 
22768 µM Zn (1490 mg Zn/L) 
(16200 to 32000 µM Zn) 
NaCN 47.5 µM CN (1.24 mg CN/L)  
(39.7 to 56 µM CN/L)  
 
39.2 µM CN (1.02 mg CN/L) 
(35.1 to 43 µM CN) 
Copper-cyanide complex 
mixed species 
40.1 µM Cu (35.2 to 45.5 µM 
Cu) or 160 µM CN (4.17 mg 
CN/L) 
 
53.2 µM Cu (48.1 to 58.7 µM 
Cu) or 213 µM CN (5.54 mg 
CN/L) 
Zinc-cyanide complex mixed 
species 
15.5 µM Zn(12.1 to 20 µM 
Zn) or 62 µM CN (1.61 mg 
CN/L) 
20.5 µM Zn (16.2 to 25.9 µM 
Zn) or 82 µM CN (2.13 mg 
CN/L)  
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respectively (Figure 4-9). There was no significant difference (p≥ 0.05) between the IC50 of Z and 
SMZ cells. 
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Figure 4-9: 48 h growth inhibition curve for E. gracilis Z and SMZ exposed to CuSO4.5H2O, 
ZnSO4.7H2O, NaCN, copper-cyanide complex mixed species and zinc-cyanide complex mixed 
species measured by resazurin assay. Each point is mean ± SD, n=6 and three repeats 
 
 
The data obtained (IC50s) from the exposure of E. gracilis Z and SMZ to sodium cyanide, zinc-
cyanide complex mixed species and copper-cyanide complex mixed species were statistically 
compared by using one- way ANOVA test (Multiple Comparison Test) (Section 3.8, Appendix 
XII.B). 
Based on a molar WAD CN basis, there were no significant differences (p> 0.05) between the 
toxicity (IC50 values) of sodium cyanide and zinc-cyanide complex mixed species to Z cells. 
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However, the toxicity of copper-cyanide complex mixed species was significantly lower than that of 
sodium cyanide (p≤0.01) and zinc-cyanide complex mixed species (p≤0.05). 
Moreover, for SMZ cells there was a significant difference between the toxicity of copper-cyanide 
complex mixed species and sodium cyanide (p≤0.001), sodium cyanide vs. zinc-cyanide complex 
mixed species (p≤0.05) and copper-cyanide complex mixed species vs. zinc-cyanide complex 
mixed species (p ≤ 0.01), respectively (Figure 4-10). 
 
  
(Z)      (SMZ) 
 
Figure 4-10: Multiple comparisons for IC50 values for Euglena gracilis strain Z (left) and SMZ 
(right) after 48 h exposure to sodium cyanide, copper-cyanide complex mixed species and 
zinc-cyanide complex mixed species 
 
 
In order to validate the accuracy of resazurin assay, direct counting of Z and SMZ cells treated with 
various concentrations of zinc-cyanide complex mixed species (Appendix VII) was performed. The 
IC50 values for Euglena gracilis Z and SMZ was 19.4 µM (95% CI: 16.3 to 23.2) and 30.5 µM (95% 
CI: 26.7 to 35), respectively after 48 h of exposure (Figure 4-11). 
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Figure 4-11: 48 h growth inhibition curve for E. gracilis Z and SMZ exposed to zinc-cyanide 
complex mixed species measured by counting of Z and SMZ cells. Each point is mean ± SD, 
n=6 and two repeats 
 
 
Forty-eight hour IC50 values for E. gracilis Z and SMZ exposed to zinc-cyanide complex mixed 
species obtained from absorbance 610 nm, resazurin assay and counting cells are listed in Table 4-
4. 
 
Table 4-4: IC50 values for Euglena gracilis strain Z and SMZ after 48 h exposure to zinc-
cyanide complex mixed species obtained from absorbance 610 nm, resazurin assay and 
counting cells 
 
 
 
 
 
 
 
 
 
 
Method  IC50 Z strain (95%C.I.) IC50 SMZ strain (95%C.I.) 
Absorbance 610 nm  
(K-H) medium 
99 µM Zn (75 to 130 µM 
Zn)  or 396 µM CN 
(10.29 mg CN/L) 
104 µM Zn (83 to 130 µM Zn) 
or 416 µM CN (10.8 mg 
CN/L) 
Resazurin Assay 15.5 µM Zn (12.1 to 20 
µM Zn) or 62 µM CN 
(1.61 mg CN/L) 
20.5 µM Zn (16.2 to 25.9 µM 
Zn) or 82 µM CN (2.13 mg 
CN/L) 
Cell counting 19.4 µM Zn (16.3 to 
23.2 µM Zn) or 77.6 µM 
CN (2.01 mg CN/L) 
30.5 µM Zn (26.7 to 35 µM 
Zn) or 122 µM CN (3.17 mg 
CN/L) 
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The data obtained (48 h IC50s) from the exposure of E. gracilis Z and SMZ to zinc-cyanide complex 
mixed species (Table 4-4) were statistically compared by using one- way ANOVA test (Multiple 
Comparison Test) (Section 3.8, Appendix XII.C). 
IC50 values for E. gracilis Z and SMZ cells after 48 h exposure to zinc-cyanide complex mixed 
species obtained from absorbance 610 nm (99 and 104 µM), resazurin assay (15.5 and 20.5 µM) 
and counting cell (19.4 and 30.5 µM) showed significant difference (p≤ 0.01 for Z and p≤0.001 for 
SMZ) between absorbance 610 nm vs resazurin assay and absorbance 610 nm vs counting cells. In 
contrast, there was no significant difference (p≥ 0.05) between resazurin assay vs counting cells 
(Figure 4-12). 
 
     
(Z)        (SMZ) 
 
Figure 4-12: Multiple comparisons of IC50 values for Euglena gracilis strain Z (left) and SMZ 
(right) after 48 h exposure to zinc-cyanide complex mixed species obtained from absorbance 
610 nm, resazurin assay and counting cells 
 
 
4.3.3 Tailings sample 
Euglena gracilis Z and SMZ cells were exposed to serial dilutions of tailings solution (using 
resazurin assay) for 24 h and 48 h, respectively. Concentrations of WAD CN, cyanate, thiocyanate 
and copper in tailings solution after dilution are listed in Table 4-5. The compositions of mine 
tailings solution in the test vials (40 times dilution in the culture medium for the exposure 
experiment) are listed in Table 4-6. 
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Twenty-four hour IC50 values for Z and SMZ were detected in 1:32 (0.02 mg WAD CN/L or 0.8 µM 
WAD CN) and 1:16 (0.04 mg WAD CN/L or 1.5 µM WAD CN) diluted solutions using the test 
vial exposure system, respectively. Both strains (Z and SMZ cells) showed the IC50 in 1:4 (0.15 mg 
WAD CN/L or 6 µM WAD CN) diluted solution in the test vial, after 48 h. 
 
 
Table 4-5: Composition of mine tailings solution after serial dilutions  
 
 
Composition 
(mg/L) 
 
 
Original 
Tail 1 
sample 
 
1:2 
Dilution 
 
1:4 
Dilution  
 
1:8 
Dilution  
 
1:16 
Dilution  
 
1:32 
Dilution  
 
1:64 
Dilution 
WAD CN  22 
 
11 6 3 1.5 0.75 0.38 
OCN- 1510 
 
755 378 189 94 47 24 
SCN-  1200 
 
600 300 150 75 38 19 
Cu    42 
 
21  10.5  5.3  2.6 1.3 0.66  
 
 
Table 4-6: Composition of mine tailings solution in the test vial 
 
 
Composition 
(mg/L) 
 
 
Original 
Tail 1 
sample 
 
1:2 
Dilution 
 
1:4 
Dilution  
 
1:8 
Dilution  
 
1:16 
Dilution  
 
1:32 
Dilution  
 
1:64 
Dilution 
WAD CN  0.6 
 
0.3 0.15 0.008 0.04 0.02 0.01 
OCN- 
 
38 19 10 5 2.4 1.2 0.6 
SCN-  30 
 
15 8 4 1.9 1 0.5 
Cu    1 
 
0.5  0.3 0.13 0.06 0.03 0.02 
 
 
Forty eight hour IC50 for NaCN (as a positive control for the tailings sample) was 39 µM (95%C.I. 
27.61 to 53.80) and 47.51 µM (95%C.I. 31.60 to 71.43) for Z and SMZ cells, respectively. 
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4.4 Discussion   
4.4.1 Comparison Composite and K-H media 
Copper sulfate as a control for copper-cyanide complex mixed species toxicity showed it is toxic to 
either strain of Euglena cells in both media (K-H and Composite media). Furthermore, CuSO4 was 
more toxic to the Z strain than SMZ strain in K-H medium. In both media Z and SMZ cells showed 
limited toxicity to ZnSO4 (as a control for zinc-cyanide complex mixed species toxicity) which may 
be explained by the high concentration of organic matter and glucose in K-H medium which can 
interfere with metal toxicity (Trenfield et al. 2012), or due to the use by specific enzymes of zinc 
which is an essential micronutrient for eukaryotic cell (Leeson 2009). 
Considering the toxicity results of exposure of Euglena gracilis to various concentrations of sodium 
cyanide in Composite medium pH 5, the results confirmed that the toxicity of NaCN is pH 
dependent as HCN is present at a higher proportion in low pH and affected the IC50 values for 
Euglena. In other words, the HCN from NaCN under acidic pH causes more toxicity to Z and SMZ 
cells in K-H medium at pH 3.5 than in the Composite medium at pH 5.  
However, growing the mutant strain SMZ in Composite medium at pH 5 showed some limitation in 
this study due to longer replication time of strain SMZ (Section 3.5). Thus using Composite medium 
at pH 5 for this project may not provide all of the data needed to develop E. gracilis as a toxicity 
model organism for cyanide and metal-cyanide complexes toxicity study particularly copper- and 
zinc-cyanide complexes related to gold mine. 
Further, K-H medium has been previously used as an incubation medium for Euglena gracilis at pH 
3.5 for the toxicity assessment of individual toxicants and to understand the manner in which certain 
toxicants elicit their effect. The pH 3.5 was found to be within the optimal range (pH 3- pH 4.4) for 
the growth of E. gracilis (McKay 2013).  
Moreover, culturing E. gracilis in pH 3.5 medium can be integrated to inform the development of 
the toxicity of cyanide and metal-cyanide complexes through cyanide dissociation as the acidic 
medium (pH=3.5) induces the conversion of sodium cyanide to hydrogen cyanide (pKa=9.3) (Table 
1.1). 
Further, the advantage of using K-H medium at pH 3.5 is that it generates an acidic condition that is 
needed to mimic the levels of stomach acid (HCl) in birds' stomachs (Section 3.5).  
Additionally, acid mine drainage water may have pH as low as 2.0 (Jennings et al. 2008), therefore 
using lower pH (3.5 instead of using pH 5) to grow E. gracilis can help to transfer laboratory data to 
site-specific conditions. 
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It has been previously recognised that metal toxicity can be altered by a number of chemical factors 
including dissolved organic carbon (DOC), hardness cations (Ca2+, K+ etc.) and vitamins 
(Watanabe and Suzuki 2001; Norwood et al. 2003; Trenfield et al. 2012; McKay 2013). However, 
cyanide also tends to react readily with many other chemical elements. Investigation of reaction of 
cyanide or metal-cyanide complexes with minerals, chelating agents and other substances in culture 
medium (e.g. K-H medium) is outside the scope of this study and will required further detailed 
work. 
 
 
4.4.2 Comparison of optical density and resazurin assay 
The increased need for accurately monitoring the growth rate for (Z and SMZ) is difficult to meet 
using the optical density (absorbance) measurement for three reasons: 
• The reading of the optical density includes dead as well as living cells resulting in inaccurate 
evaluation of the viable cells in the sample. 
 
• E. gracilis Z with chloroplasts which grows in the presence of light (phototrophic) shows 
different intensity of the green colour after several cell culturing. The shades of the green colour 
can also affect the absorbance of the cell culture. 
  
• Copper-cyanide complex at pH 11 forms copper (I)-cyanide and hydrocyanic acid at low pH 
(Figure 3-1) e.g. K-H media pH 3.5. The insoluble copper (I)-cyanide (CuCN) may affects the 
turbidity reading at 610 nm and give a higher value of the O.D. reading as a measurement of cell 
density. 
 
Therefore, resazurin assay was performed to provide a more accurate method for determination of 
IC50 values for Euglena gracilis. Consistency of the results leads to the conclusion that resazurin 
assay can be adopted for monitoring the growth of E. gracilis Z and SMZ. Further, a comparison 
between the IC50 values for Z and SMZ (exposed to various concentrations of zinc-cyanide complex 
mixed species) obtained from absorbance 610 nm, resazurin assay and counting cells was made 
(Table 4-4).  
Multiple comparisons of IC50 values for E. gracilis Z and SMZ (Section 4.3.2) revealed that 
resazurin assay shows good statistical agreement with counting cells whereas 610 nm afforded 
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poorer agreement (Figure 4-12). Therefore, it is concluded that resazurin assay is a suitable assay 
for Euglena gracilis (Z and SMZ) to achieve a more reliable measurement of toxicity response 
(IC50) to cyanide and metal-cyanide complexes. 
 
 
4.4.3 Evaluation of the toxicity of cyanide and metal-cyanide complexes 
1. Sodium cyanide toxicity 
The finding revealed that sodium cyanide was toxic to both strain of Euglena gracilis Z and SMZ 
with IC50 47.5 µM (95% CI: 39.7 to 56) and 39.2 µM (95% CI: 35.1 to 43), respectively after 48 h 
of exposure. There was no significant difference (p≥ 0.05) between the IC50 derived from Z and 
SMZ cells although CN appeared to be slightly more toxic to the animal-like SMZ strain. These 
results are different from the finding of McKay (2013) who indicated that NaCN was much less 
toxic to strain Z, but was severely toxic to the SMZ cells (4 µM) after 24 h of exposure. These 
differences were probably due to the use of an open system in his experiments.  
Although it has been demonstrated higher plants are resistant to cyanide toxicity due to the presence 
of alternative oxidase (AOX) in the plant mitochondria (Yoshida et al. 2007; Zhang et al. 2010), 
both Z cells (plant like) with chloroplast and achlorophylous mutant SMZ without chloroplast 
(animal like) have cyanide-resistant alternative oxidase (AOX) in their respiratory chain (Devars et 
al. 1992; Devars et al. 1998). These findings indicate that the difference observed between cyanide 
IC50 derived from SMZ strain and Z strain (data not shown, Section 4.3.2) may be related to the 
mitochondrial alternative oxidase as a part of the cellular response to oxidative stress in Euglena 
(Castro-Guerrero et al. 2004). 
In contrast, the findings of Teimouri Sichani (2014) strongly supported our results that sodium 
cyanide is toxic to both strains of Euglena gracilis (Z and SMZ), however, the IC50 values after 48 h 
for Z (182 µM) and SMZ cells (214 µM) were higher than cyanide IC50 that reported in this study. 
This variation could be explained due to the use of different method (modified MTS assay) for 
assessment sodium cyanide toxicity by Teimouri Sichani (2014). 
 
2. Copper-cyanide complex mixed species toxicity 
The results showed that the IC50 of copper sulfate (as a control for copper-cyanide complex mixed 
species) in both strains of Euglena gracilis Z and SMZ were 314 µM (95% CI: 272 to 362.5) and 
1830 µM (95% CI: 1318 to 2540), respectively. This result is comparable with Einicker-Lamas et 
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al. (2002) who reported 220 µM LC50 for Z cells after 72 h with initial cell concentration 0.5×105 
cells/mL. In another study, incubation of Euglena gracilis KLEBS strain Z with copper for 24 h 
produced EC50 values (motility and upward swimming) 361 µM and 881 µM, respectively (Ahmed 
and Häder 2010). Noteworthy is IC50 values of copper sulfate for Z and SMZ cells were only 
demonstrated after 48 h not in 24 h in this study. This could be due to a different source of Euglena 
cell culture used in this study. The data also suggests that the uptake of copper sulfate into Z and 
SMZ is relatively slow. 
Further, there was variation in the toxicity response of CuSO4 to Euglena gracilis Z and SMZ strains 
of which the former is plant-like and the latter is animal-like strains. 
In this study, IC50 values for Euglena gracilis Z and SMZ cells exposed to various concentrations of 
copper-cyanide complex mixed species (IC50:160 µM CN- for Z and 213 µM CN- for SMZ on a 
molar WAD CN basis) were found to give a less toxic respond to sodium cyanide, respectively 
(Table 4-3). The lesser toxicity of copper-cyanide complex mixed species is due to the slower 
dissociation of copper-cyanide complex at low pH and thus lesser amount of CN- is released (Figure 
3-1). The slower release rate resulting in lower level of free cyanide can give higher IC50 values 
(less toxicity) in Euglena gracilis. 
Toxicity of copper-cyanide has been reported to be 32µg/L (LC50) for Indian major carp Catla catla 
(Hamilton) after 96 h exposure (Prashanth et al. 2010). Additionally, (Basaling and Praveen 2011) 
reported a low LC50 (0.76±0.04 mg/kg) on juveniles of Catla catla exposed to copper-cyanide. 
 
3. Zinc-cyanide complex mixed species toxicity 
IC50 values for Z and SMZ cells after 48 h exposure to zinc-cyanide complex mixed species based 
on a molar WAD CN basis were 62 µM CN- and 82 µM CN-, respectively. The high toxicity of 
zinc-cyanide complex mixed species was predicted due to the speciation of the complex at acidic 
pH (Figure 3-2). As a weak acid dissociable cyanide complex (low stability constant, Table 1-1), 
zinc-cyanide complexes can dissociate readily at pH 3.5 producing HCN and Zn+2.  
Substantially, the released HCN from the complex mixed species caused acute toxicity to Euglena 
while zinc ion is contributing a lesser part to the toxicity. This is because, as demonstrated in this 
study (Section 4.3.2) Zn+2 from ZnSO4 is very much less toxic to E. gracilis Z and SMZ (IC50:8461 
µM Zn, 95% CI: 7336 to 9759 and 22768µM Zn, 95% CI: 16200 to 32000), respectively. However, 
there was a significant difference in the sensitivity of these two strains of Euglena to ZnSO4 which 
exerts greater toxicity to the plant-like Z strain. 
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In contrast, this finding differs other results (Einicker-Lamas et al. 2002) which found that ZnCl2 
was more toxic to Euglena gracilis Z cells with LC50 880 µM (the toxicity is about one order of 
magnitude higher than this study showed) which may be explained due to difference in the test 
conditions such as extended exposure timeframe or because zinc chloride has covalent features that 
can present in solution as ZnClxH2O(4−x) species (Pye et al. 2006) and cannot be considered to 
contain100 % of soluble zinc ions like ZnSO4 used in this study (Rohe et al. 2000). 
 
 
4.4.4 Comparison of the toxicity of cyanide and metal-cyanide complexes 
Figure 4-10 shows multiple comparisons for IC50 values for Euglena gracilis strain Z and SMZ 
(using resazurin assay) after 48 h exposed to sodium cyanide, copper-cyanide complex mixed 
species and zinc-cyanide complex mixed species. 
Based on molar WAD CN released, there was no significant difference between the toxicity (IC50 
values) of sodium cyanide and zinc-cyanide complexes (Section 4.3.2) for Z cells. As mention 
earlier in Section 4.4.3 the low stability constant for the zinc-cyanide complex mixed species (Table 
1-1) enable a rapid dissociation at pH 3.5 and HCN release. However, for the animal like cells 
(SMZ) the toxicity of sodium cyanide is higher than zinc-cyanide. Even though there were no 
significant differences between the toxicity of NaCN, zinc-cyanide mixed species and copper-
cyanide mixed species for Z and SMZ cells, the toxicity response of Z and SMZ cells showed some 
differences among the toxicants (see below). 
These results suggest that copper-cyanide complex mixed species is less toxic than NaCN and zinc-
cyanide complex mixed species for either Euglena strain. Apparently, copper-cyanide complexes 
(Figure 3-1) dissociate more slowly (at pH 3.5) and release a lesser amount of CN- than zinc-
cyanide complexes (Figure 3-2). Therefore, copper-cyanide complexes induced less toxicity 
compared to zinc-cyanide complexes and sodium cyanide in E. gracilis Z and SMZ.  
Based on a molar WAD CN released the cytotoxicity data (IC50s) for E. gracilis Z was found to be 
in the order of: NaCN (1.24 mg CN/L, 95% CI: 1.03 to 1.5) ~ zinc-cyanide complex mixed species 
(1.61 mg CN/L, 95% CI:1.3 to 2) > copper-cyanide complex mixed species (4.17 mg CN/L, 95% 
CI:3.7 to 4.7) and for SMZ cells in the order of NaCN (1.02 mg CN/L, 95% CI:0.91 to 1.1) > zinc-
cyanide complex mixed species (2.13 mg CN/L, 95% CI:1.7 to 2.7) > copper-cyanide complex 
mixed species (5.54 mg CN/L, 95% CI:5 to 6.1), respectively. 
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The percentage of variation in the toxicity response (IC50s) to Euglena gracilis Z (plant type) 
between NaCN and zinc-cyanide complex mixed species is about 26 %, whereas 88.5 % is the 
variation between the toxicity of zinc-cyanide complex mixed species and copper-cyanide complex 
mixed species. However for SMZ strains (a mutant with animal characteristics) the variation in the 
toxicity between NaCN and zinc-cyanide complex mixed species is 71%, whereas the percentage of 
variation in the toxicity response between zinc-cyanide complex mixed species and copper-cyanide 
complex mixed species is higher (approximately 89 %). 
 
 
4.4.5 Toxicity of the tailings sample to Euglena gracilis 
In this study, Euglena gracilis Z and SMZ cells showed a high sensitivity to the cyanide-bearing 
tailings solution generated from gold mining. This toxicity can be due to the total contribution of 
weak and strong metal-cyanide complexes, other degraded forms of cyanide (thiocyanate SCN-, 
cyanate OCN-) and heavy metals present in the tailings solution.  
The toxicity was measurable after 24 h and 48 h of exposing Euglena gracilis Z and SMZ cells to 
serial dilutions of the tailings sample (Table 4-5). The original sample consists of (22 mg WAD 
CN/L, 1510 mg/L OCN-, 1200 mg/L of SCN- and 42 mg/L of Cu). However, for this experiment a 
further dilution (40 times dilution) in the test vial was applied to assess the toxicity (Table 4-6).  
The amount of the WAD cyanide in this diluted sample (22 mg/L CN) (Table 4-5) is equal to 0.6 
mg/L WAD CN in the test (vials) (Table 4-6) and this number corresponds to 23 µM WAD CN. 
The WAD CN in the tailings sample (23 µM WAD CN) is less than the IC50 for NaCN (as a 
positive control and calculated as the WAD CN) 39 and 47.5 µM CN- µM CN- for Z and SMZ cells, 
respectively.  
However, the dose of tailings sample (0.6 mg/L WAD CN or 23 µM WAD CN) was found to cause 
100% mortality in Euglena gracilis Z and SMZ. It suggests that other compounds in the tailings 
solution such as thiocyanate, cyanate and heavy metals can contribute additional toxicity to the cells 
yielding a lower IC50. 
Although thiocyanate and cyanate are often considered as less toxic forms of cyanide, several 
reports have indicated their toxicity to fish and aquatic ecosystem (Speyer et al. 1988; Bhunia et al. 
2000). For instance, the toxicity (96 h LC50) of thiocyanate (SCN-) and cyanate (OCN-) for Juvenile 
rainbow trout (Salmo gairdneri) were ranged between 177 and 264 mg/L, respectively and for 
CNO- , between 15 and 81 mg/L, depending on test conditions (Speyer et al. 1988). Results of acute 
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toxicity (96 h LC50) of thiocyanate to fish (O. mossambicus) were ranged between 5.7 and 10.2 mg 
SCN/L and for the crustacean plankton (M. micrura), between 10.3 and 15.5 mg SCN/L at different 
temperature conditions (Bhunia et al. 2000). However, no report is available to compare the LC50 
value of thiocyanate or cyanate to Euglena gracilis Z and SMZ. In addition, the higher toxicity of 
the tailings solution tested could be explained by the combined toxicity of mixed contaminants in 
the solutions which may exert additive or synergistic effects to the Euglena cells. Interaction and 
toxicity of combined mixtures is outside the scope of this PhD study. Future studies should consider 
the interaction of toxicity and more real tailings solutions should be tested. 
Twenty-four hour IC50 values from tailings solution exposure to Euglena gracilis Z and SMZ 
(Section 4.3.3) were 0.02 mg WAD CN/L or 0.8 µM WAD CN and 0.04 mg WAD CN/L or 1.5 µM 
WAD CN, respectively. The 48 h IC50 values for strains Z and SMZ were 0.15 mg WAD CN/L, 
respectively. The improved growth rate for Z and SMZ strain after 48 h of exposure to cyanide in 
tailings may be a result of an ability of the cells to use cyanide as a nitrogen and/or carbon source. 
However, statistical difference between Z and SMZ strain exposed to tailings sample was unable to 
be detected because the experiment was run only once with one sample. 
The data achieved from the exposure of Euglena gracilis to a mine tailings solution proves that 
Euglena has the necessary sensitivity to be used as a screening tool for evaluating the toxicity of a 
complex mixture containing metals, cyanide and metal-cyanide complexes as found in mine tailings 
solutions but further testings of mine tailings and acid mine drainage solutions (environmental 
samples) are needed to achieve a greater understanding for the responses of Z and SMZ cells toward 
mixtures of toxicants generated from gold mine tailings. 
 
4.5 Conclusion 
In this study, the resazurin assay procedure has been modified in order to achieve reliability and 
chosen as a suitable screening assay for Euglena cytotoxicity evaluation of cyanide and metal-
cyanide complexes. 
Statistically, the results obtained from the modified resazurin assay have shown a similar accuracy 
to that measured by counting cells; however, using absorbance reading at 610nm to evaluate the 
toxicity of metal-cyanide complexes that are relatively insoluble can provide unreliable results. 
The toxicity of NaCN is pH dependent as HCN is present at a higher proportion in low pH (K-H 
medium at pH 3.5), thus, the IC50 values for Euglena gracilis Z and SMZ were higher in Composite 
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medium at pH 5. Koren-Hutner (K-H) medium at pH 3.5 was chosen because it mimics the acidic 
condition of the upper gastrointestinal tract of the domestic chickens and wild birds. 
Growing the mutant strain SMZ in Composite medium at pH 5 showed some limitation in this 
study, whereas K-H medium at pH 3.5 was found as a good growth media for strains Z and SMZ. 
Euglena gracilis Z and SMZ showed definite sensitivity towards cyanide and metal-cyanide 
complexes. It has a distinct advantage over other algal cells as Euglena gracilis can tolerate acidic 
pH that simulates the upper gastrointestinal tract of animals (birds) where dissociation of metal-
cyanide complexes is to take place upon ingestion of these compounds. Compared to general living 
organisms, Euglena gracilis is an easy organism to cultivate and to handle.  
Based on a molar WAD CN released, the toxicity of WAD CN to E. gracilis Z and SMZ was found 
to be in the order of: 
NaCN ~ zinc-cyanide complex mixed species > copper-cyanide complex mixed species (for Z 
strain) and NaCN > zinc-cyanide complex mixed species > copper-cyanide complex mixed species 
(for SMZ strain), respectively. 
Copper-cyanide complex mixed species was slightly less toxic to E. gracilis compared with NaCN 
and zinc-cyanide complex mixed species as the toxicity of the metal-cyanide complex is related to 
its respective dissociation constant.  
Moreover, Euglena gracilis Z and SMZ cells exhibit characteristic differences between the plant-
like and animal-like strains for the metal salts tested (CuSO4 and ZnSO4) but there was no 
significant difference in the toxicity response of NaCN, zinc-cyanide complex mixed species and 
copper-cyanide complex mixed species.  
Further, E. gracilis (as a bioassay) displayed a toxicity response to the environmental sample 
(tailings sample) and showed sensitivity to the cyanide concentrations less than the 50 mg WAD 
CN/L guideline. The unicellular eukaryote Euglena gracilis Z and SMZ can provide a simple 
toxicity test for the gold mining companies for monitoring free cyanide and metal-cyanide species 
in the gold mine tailings solution. 
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Chapter 5 : Evaluation of the toxicity of 
sodium cyanide, copper-cyanide and zinc-
cyanide complexes and a mine tailings 
solution in chickens 
5.1    Introduction 
The main issue at gold mining sites is the potential toxicity to birds from cyanide residues in 
tailings storage facilities via inhalation of HCN, dermal absorption (following skin contact) or 
consumption of tailings water contaminated with heavy metals, cyanide and metal-cyanide 
complexes (Eisler and Wiemeyer 2004; NICNAS 2010). 
In the gold mining industry, low-grade ore requires an additional quantity of cyanide to increase the 
efficiency of gold recovery. As a result, large concentrations of metal-cyanide complexes can form 
(Section 4.1) in the cyanide-bearing solution due to reaction of cyanide if metals such as Cd, Co, 
Cu, Ni and Zn are present in sufficiently high concentrations (Zagury et al. 2004). These weak and 
moderately strong metal-cyanide complexes can dissociate readily in acidic condition (pH 4 to 6) 
due to their labile nature unlike the strong metal-cyanide complexes which required highly acidic 
condition (pH < 2) to dissociate (Environment Australia 2003). 
Copper-cyanide (moderate strong metal-cyanide complex) and zinc-cyanide (weak acid metal-
cyanide complex) complexes are insoluble in water but soluble in either ammonia (which is present 
in tailings dams) or in excess cyanide (Nsimba 2009). In the gold extraction process, high copper 
ore content requires higher a concentration of cyanide in excess of that needed to solubilise copper 
before gold is extracted efficiently. The formation of copper-cyanide complex can cause operational 
and environmental problems if higher concentrations of cyanide are present in the wastewater or 
tailings than in the absence of copper (NICNAS 2010) and may lead to bird mortalities if the WAD 
CN concentration exceeds 50 mg/L. 
There have been many incidents in bird mortalities reported during the 1980s and 1990s in 
association with gold mining when increased WAD CN concentrations associated with copper 
dissolution have exceeded 50 mg/L. At the Nevada gold mine, USA, the total number of bird 
mortalities and other species reported from 1986 to 1991was about 9,500 carcasses, with birds 
comprising 80-91% of wildlife carcasses (Henny et al. 1994). In 1995, at Northparkes gold mine, 
New South Wales, Australia 2,700 birds died due to the presence of high soluble copper-cyanide 
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complexes (Donato et al. 2007). The mining operators at Northparkes did not have an adequate 
turn-around of monitoring data and there was poor communication between metallurgists and 
environmental managers at the mine site. As a result additional cyanide was added in order to 
dissolve copper in ore before gold could be extracted in the metallurgical process leading to WAD 
cyanide concentrations increasing to over 1000 mg/L that caused bird fatalities (Environment 
Australia 2003). 
To monitor and control cyanide level at gold mine, analytical methods were applied for measuring 
the total and WAD CN concentrations (Logsdon et al. 1999; APHA 2012). The mining industry and 
regulators generally use the WAD cyanide measurement to monitor environmentally significance 
since this includes the toxicologically important forms of cyanide (free cyanide and moderately and 
weakly complexed metal-cyanides) to be measured using specific analytical techniques by service 
laboratories (ICMI 2006). However, these methods measured the cyanide concentrations at TSFs 
without indicating its toxicity to birds. 
Migratory birds and waterfowl are highly susceptible species to cyanide toxicity when the WAD 
cyanide concentration exceeds 50 mg/L (Section 1.1) if uncontrolled access to cyanide waste in 
ponds and tailings storage facilities (TSFs) occurs (Environment Australia 2003).  
The toxicological consequence of oral consumption of cyanidation solution by birds is related to the 
rapid absorption of free cyanide released in the avian digestive tract under low pH condition (Eisler 
1991). Regardless of the route of exposure, the mechanism of toxicity of cyanide in birds is similar. 
The toxicological mode of action of cyanide is attributed to the inhibition of cytochrome oxidase 
which is involved in cellular respiration. Cyanide binds to the ferric ion in (cytochrome a3) within 
the mitochondrion and prevents the uptake of oxygen by the cells leading to histotoxic hypoxia. 
Therefore, due to a decrease in oxygen consumption, the levels of oxygen in the venous blood 
markedly increase which explains the discolouration (cherry red) of the peripheral tissues 
(Environment Australia 2003; NICNAS 2010).  
Sensitive birds dosed with cyanide show signs of intoxication started between 30 sec to 5 min while 
less-sensitive birds showed signs of toxicoses after 10 min of exposure (Wiemeyer et al. 1986; 
Eisler 1991). The symptoms include panting, eye blinking, head shaking, salivation and lethargy 
(Wiemeyer et al. 1986; Henny et al. 1994).   
Exposure to sub-lethal levels of cyanide has been shown to cause significant biological damage in 
Mallard ducks (Ma and Pritsos 1997). Henny et al. (1994) performed an acute NaCN toxicity test 
using adult Mallard ducks because waterfowl and shorebirds constituted over 70% of avian 
mortality at the Nevada gold mine and mortality data were not available for waterbird species. 
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The work described in this chapter sought to determine the effects of acute (short-term) exposure to 
sub-lethal doses of sodium cyanide, copper-cyanide and zinc-cyanide complexes in chickens using 
the chicken as a surrogated model for the migratory birds (Williams et al. 1975). The chicken study 
continues on from the studies in Chapter 4 on the development of Euglena gracilis Z and SMZ as an 
in-vivo model to evaluate the toxicity of sodium cyanide, copper-cyanide, zinc-cyanide complexes 
and a mine tailings solution containing mixture of metals, cyanide, metal-cyanide complexes and 
cyanide degradation products (cyanate and thiocyanate) to reflect the real environmental scenario in 
wastewater of a metallurgic operation. 
For chronic toxicity studies it can be more relevant to investigate the effects of low level 
concentrations of toxicants in the environment. However this project focussed on producing a rapid 
cellular test (48 h) to determine or correspond by correlation to the acute toxicity in birds. Thus the 
acute cellular toxicity test needs to be calibrated against acute toxicity in chickens. Further, it is 
important to realise that migratory birds could visit mine sites and drink tailings water on their 
migratory path for a short time only and that these birds will not stay very long in the same place 
over their fly path. Many species of migratory birds, including waterfowl, shorebirds, passerines 
and raptors were found dead in the immediate vicinity of gold mine heap leach extraction facilities 
and tailings ponds, presumably as a result of drinking the cyanide-contaminated waters (Donato et 
al. 2007). Moreover, chronic toxicity may be relevant to assess the toxicity for local wildlife but it is 
outside the scope of this study. 
It should be emphasised that chicken is shown to be less sensitive to cyanide toxicity than some 
other bird species reported in the literature (Table 5-1) (Wiemeyer et al. 1986; Henny et al. 1994).  
Although, chicken is listed at the end of the order of the bird species in response to acute toxicity by 
NaCN post oral administration, the chicken is a well-recognised animal model for avian research 
and readily available (Burt 2007). Most studies investigating impacts of chemicals on avifauna have 
used chickens as the testing species (Williams et al. 1975). 
Chickens have been used as model animals in a previous study with sodium cyanide under 
controlled experimental conditions (Wiemeyer et al. 1986). Further, there is no other bird (animal) 
that could be more suitable in terms of the genetic background (breed and strain) and ability to 
adapt to experimental condition than the chicken. Moreover, the chicken has a typical avian 
digestive system (Denbow 2000).  
However, there is a variation between the pH values of the stomach among bird species (due to 
different eating habits, e.g. vultures have low stomach pH 1.5) (David et al. 2012). The pH of 
chicken proventriculus and ventriculus (or gizzard) is higher, 4.6 and 3.4, respectively (Mabelebele 
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et al. 2014); nevertheless this level of pH in chicken’s stomach is able to enhance the liberation of 
free cyanide.  
Moreover, the pH value of the gastrointestinal tract of the chicken is comparable to the test of pH 
4.5 for WAD CN and test pH for Euglena gracilis Z or SMZ cells at pH 3.5 which are used (Section 
3.5.1) (to validate an alternative in-vivo cell based assay for future monitoring purpose).  
 
Table 5-1: Species sensitivity of birds to acute free cyanide toxicity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2 Materials and Methods 
5.2.1 Calculation of the oral dose  
1. Calculation of the oral dose for sodium cyanide 
The sub-lethal toxicity of NaCN (as a control for the toxicity of metal-cyanide complexes) was 
measured by performing dosing experiments using chickens. The dosing solution of NaCN was 
prepared freshly at the time of the experiment. Chickens were weighed individually and the cyanide 
dose was calculated below the literature reported LD50 for cyanide in chicken (11.1 mg CN/kg BW, 
21 mg NaCN/kg BW) (Wiemeyer et al. 1986).  
Bird  Oral LD50 (95% C.I) 
(mg CN/kg BW) 
Reference 
Mallard Anas platyrhynchos 1.43 (1.2-1.7)  (Henny et al. 1994) 
American kestrel (AK) 2.12 (1.6-2.8)  (Wiemeyer et al. 1986) 
Black vulture (BV) 2.54 (2.3-2.8)  (Wiemeyer et al. 1986) 
Eastern screech-owl (SO) 4.56 (3.8-5.4)  (Wiemeyer et al. 1986) 
Japanese quail (JQ)  4.98 (4.0-6.0)  (Wiemeyer et al. 1986) 
European starling (ES) 9.01 (7.4-11.7)  (Wiemeyer et al. 1986) 
Domestic chicken  11.13 (6.4-19)  (Wiemeyer et al. 1986) 
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The sodium cyanide stock concentrations were analysed to confirm the actual concentrations of 
cyanide in each concentrations (Section 3.4). Further, samples preserved in NaOH at pH 11 were 
also analysed to see if there is any loss of HCN from the samples. The data in (Appendix IV) 
showed there was no loss of HCN because the pH of the NaCN solution was (10.7 to 11) when 
prepared. The data showed no difference for the concentrations of cyanide between the WAD CN 
and total cyanide in the measured solutions. The concentrations of the NaCN dosing solutions were 
presented in units of WAD CN/L.  
The actual concentration of the WAD CN in each concentration was 88.4 mM, 34.6 mM and 15.5 
mM/CN, respectively. Additionally, the stock solution of 15 mM/CN was diluted with water during 
the experiment. It was estimated that the lowest concentration of sodium cyanide given to chickens 
was around 7.75 mM/CN. 
Sodium cyanide solution was administrated to chickens once only by crop gavage as (0.1 mL/100 g 
BW). The chicken groups, stock concentrations (mM/CN), average body weight (kg), average dose 
volume (mL), dose (mg/CN), dosage (mg CN/kg BW) and doses in mg CN/L are shown in (Table 
5-2). 
Depending on the dosages of NaCN, chickens were divided into four groups: These were Group A 
(2.27 mg CN/kg BW), Group B (0.89 mg CN/kg BW), Group C (0.4 mg CN/kg BW) and Group D 
(0.2 mg CN/kg BW). Further, each dosage was calculated in mg CN/L by using Equation 5-1 for 
Group A (2300), Group B (900), Group C (400) and Group D (200), respectively. Individual 
experiment for each dosage was undertaken. 
 
 
Equation 5-1: Conversion of mM to mg/L 
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96 
 
 
Table 5-2: Sodium cyanide dosing regimen for chickens 
 
 
 
 
 
 
 
 
 
 
2. Calculation of the oral dose for the copper-cyanide complex mixed species 
By studying the changes in speciation with pH for CuCN: NaCN= 1:3 at pH 11 (Section 3.1; Figure 
3-1), the main species existing are copper (I) tricyanide ion [Cu(CN)3]2-, cyanide ion CN- and a 
small amount of copper (I) tetracyanide ion [Cu(CN)4]3-. 
There are four CN per mole in the solution of copper-cyanide mixture in comparison of only one 
CN per mole of NaCN. Therefore, for the calculated LD50 for copper-cyanide complex in chicken, 
there was about 4 times less than the reported LD50 (11.1 mg CN/ kg BW or 0.43 mmol CN/kg BW) 
for CN. 
Consequently, the LD50 for copper-cyanide complex mixed species should be about 0.1 mmol/kg 
BW. However, the toxicity of the copper-cyanide complex mixed species to chickens is not known. 
Therefore, the cyanide dosages were set and calculated slightly above
 
(0.1 mmol CN/kg BW for 
copper-cyanide complex mixed species) and this dosage was delivered once only by crop gavage as 
0.1 mL/100g BW (chickens were weighed individually).  
Copper-cyanide complex mixed species dosages were prepared as CuCN: NaCN =1:3 at pH 11one 
night prior to the experiment and preserved in 125 mL black plastic bottles (Section 3.4) filled to 
the lip (with no air space) and refrigerated at 4ºC. Chicken treatment groups were classified 
according to the concentrations of the WAD CN in each dosage (Appendix V). Group A (144 
mM/CN), Group B (105 mM/CN) and Group C (35.4 mM/CN), respectively. Chicken groups, stock 
concentrations, average body weight (kg), average dose volume (mL), dose (mg/WAD CN), dosage 
(mg WAD CN/kg BW) and the concentrations in mg WAD CN/L are shown in Table 5-3. 
Group Stock 
concentration 
mM/CN 
Average 
body 
weight 
(kg) 
Average 
dose 
volume  
(mL) 
Dose 
mg/CN 
Dosage  
mg CN/kg 
BW 
Concentration 
mg CN/L 
A 88.4 
 
0.739 0.73 1.68 2.27 2300 
B 34.6 
 
0.790 0.79 0.71 0.89 900 
C 15.5 
 
0.886 0.88 0.35 0.4 400 
D 7.75 0.867 0.86 0.17 0.2 200 
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Table 5-3: Copper-cyanide complex mixed species dosing regimen for chickens 
 a
 Each concentration mg CN/L was calculated using Equation 5-1 
 
 
3. Calculation of the oral dose for the zinc-cyanide complex mixed species 
The dominant species of the zinc-cyanide complex mixed species at pH 10 are zinc tetracyanide ion 
[Zn(CN)4]2-, zinc tricyanide ion [Zn(CN)3]-, cyanide ion CN- and hydrocyanic acid HCN (Section 
3.1, Figure 3-2). The four CN per mole in the solution in comparison of only one CN per mole of 
NaCN means, the LD50 (11.1 mg CN/kg BW or 0.429 mmol CN/kg BW) for CN in chicken is about 
4 times higher than the LD50 of zinc-cyanide complex mixed species at pH 10.  
Accordingly, the LD50 for zinc-cyanide complex mixed species is 0.107 mmol CN/kg BW. 
However, to ensure the level of cyanide (in the mixture) is enough to induce signs of toxicity in 
chickens (gap of knowledge about the toxicity of zinc-cyanide in chickens), the cyanide dose was 
calculated to be above 0.107 mmol CN/kg BW from zinc-cyanide compound Zn(CN)2.  
Zinc-cyanide complex mixed species dosages were prepared as Zn(CN)2: NaCN = 1:2 24 h prior to 
the experiment and preserved in 125 mL black plastic bottles (Section 3.4) filled to the lip (with no 
air space) and refrigerated at 4ºC. 
The analysis of test solution for of WAD CN showed the actual concentrations in each 
concentration were 145 mM/WAD CN, 103 mM/WAD CN and 42 mM/WAD CN, respectively 
(Appendix V). During the experiment, the 42 mM/WAD CN stock cyanide solution (using water at 
pH 10) was diluted to obtain the 21 mM of WAD CN concentration test solution.  
Chickens treatment groups were categorised according to the concentration of WAD CN in each 
dosage to the: Group A (145 mM/WAD CN), Group B (103 mM/WAD CN), Group C (42 
Group Stock 
concentration 
mM/WAD CN 
Average 
body 
weight 
(kg) 
Average 
dose 
volume  
(mL) 
Dose 
mg/WAD 
CN 
Dosage  
mg WAD 
CN/kg BW 
Concentrationa  
mg WAD CN/L 
A 144 0.558 0.55 2.0 3.6 3700 
B 105 0.508 0.50 1.4 2.8 2700 
C 36 0.545 0.54 0.5 0.91 940 
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mM/WAD CN) and Group D (21 mM/WAD CN). Table 5-4 summarised the dosing regimen for 
zinc-cyanide complex mixed species for tests in chickens. 
 
 
Table 5-4: Zinc-cyanide complex mixed species dosing regimen for chickens 
a For this concentration only one chicken was used for the test 
b Concentration mg WAD CN/L was calculated using Equation 5-1 
 
 
4. Calculation of the oral dose for the environmental sample  
The date of this experiment was scheduled with the date of receipt of the tailings sample (Section 
3.3) taking into account the fact that cyanide samples can be stable for two weeks (APHA 2012). 
 Analytical data for the tailings sample solution are provided (Appendix I). On the day of 
experiment the tailings solution was filtered by using a Millex-GP syringe filter unit (Section 4.2.5). 
Tailings sample was administrated to chickens (a single oral dose) in volume based on 10% (Group 
A) and 20 % (Group B) relative to their respective body weights. Chickens treatment groups were 
categorised according to the concentration of WAD CN in each dosage (Table 5-5). 
 
 
 
Group Stock 
concentration 
mM/WAD CN 
Average 
body 
weight 
(kg) 
Average 
dose 
volume  
(mL) 
Dose 
mg/WAD 
CN 
Dosage  
mg WAD 
CN/kg BW 
Concentrationb 
mg WAD CN/L 
A 145a 
 
0.6 0.60 2.26 3.77 3800 
B 103 
 
0.526 0.52 1.39 2.64 2700 
C 42 
 
0.527 0.52 0.57 1.08 1100 
D 21 0.507 0.50 0.27 0.54 550 
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Table 5-5: Tailings sample dosing regimen 
 
 
5.2.2 Animals and Experimental Design 
All experimentations were in accordance with the Institutional Animal Ethics approval (Section 
3.6). Chickens were randomly divided and assigned to treatments; three chickens were used for the 
test for each sodium cyanide treatment (excluding Group B 0.89 mg CN/kg BW which had two 
treatments) and two chickens as controls. An exception was for Group A 2.27 mg CN/kg BW which 
had one control for each sampling point to match with each treatment group at each time point 
(Table 5-6). 
For all copper-cyanide and zinc-cyanide complexes mixed species experiments; three chickens were 
used for treatments and two as controls to match with each treatment group at each time point as 
shown in the (Tables 5-7 and 5-8). 
The toxicants for treatment groups (sodium cyanide, copper- and zinc-cyanide complexes) and 
water (for control groups) were given once only by crop gavage (0.1 mL/100g BW) as described 
previously in the experimental design (Section 3.6.3). 
For the tailings sample experiment, twenty-four chickens were weighed individually and divided in 
to eight groups of three chickens (each group in one large cage). Each group (Figure 3-3) was 
allocated for a specific time point for sampling purposes (Table 5-9).  
Tailings sample was administrated once only to chickens in volumes based on 10 % and 20 % of the 
body weight. Control groups for each sampling time point were given equivalent volume of water 
also at 10 % and 20 % of the body weight. Control chickens for the tailings experiment were 
monitored carefully considering the potential of water toxicity from relatively high dosages in 
volumes equivalent to10 % and 20 % of the body weight.  
 
 
 
Group Conc. 
mg WAD 
CN/L 
Conc. 
mM WAD 
CN  
Average 
body weight 
(kg) 
Average 
dose 
volume  
(mL) 
Dose 
mg/WAD 
CN 
Dosage  
mg WAD CN/kg 
BW 
A (10%) 22 0.85 0.366 3.66 0.08 0.22 
B (20%) 22 0.85 0.318 6.36 0.14 0.44 
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Table 5-6: Experimental design for sodium cyanide dosing 
 
 
 
 
 
 
 
 
a G.I. = Gastrointestinal 
 
Table 5-7: Experimental design for copper-cyanide complex mixed species dosing 
 
 
 
 
 
 
 
 
Table 5-8: Experimental design for zinc-cyanide complex mixed species dosing 
 
 
 
 
 
 
 
 
 
 
a Only one chicken was treated in (Group A) with 3.77 mg CN/kg BW 
 
Group  Dosage 
(mg 
CN/kg 
BW) 
Body temperature 
measurements 
time points 
 Necropsy and pH 
measurements of 
G.I.a tract. time points 
Number of the chickens  
in each sampling time  
 
Treatment     control  
A 2.27 0, 5, 10, 15, 20, 
30 and 60 min 
15 min, 30 min, 1, 2 
and 6 h 
3 1 
B  0.89 0, 6 and 24 h 
 
2, 6 and 24 h 2 2 
C 0.4 0, 1, 6 and 24 h 
 
2 and 24 h 3 2 
D 0.2 0, 1, 6 and 24 h 
 
2 and 24 h 3 2 
Group  Dosage 
(mg WAD 
CN/kg 
BW) 
Body temperature 
measurements 
time intervals 
 Necropsy and pH 
measurements of G.I 
tract time intervals 
Number of the chickens  
in each sampling time 
(2 and 24 h) 
Treatment     control  
A 3.6 0, 1, 6 and 24 h 2 and 24 h 
 
3 2 
B  2.8 0, 1, 6 and 24 h 
 
2 and 24 h 3 2 
C 0.91 0, 1, 6 and 24 h 
 
2 and 24 h 3 2 
Group  Dosage 
(mg 
WAD 
CN/kg 
BW) 
Body temperature 
measurements 
time intervals 
 Necropsy and pH 
measurements of G.I. 
tract time intervals 
Number of the chickens  
in each sampling time 
(2 and 24 h) 
Treatment     control  
Aa 3.77 0, 1, 6 and 24 h 2 and 24 h 
 
1 2 
B  2.64 0, 1, 6 and 24 h 
 
2 and 24 h 3 2 
C 1.08 0, 1, 6 and 24 h 
 
2 and 24 h 3 2 
D 
 
0.54 0, 1, 6 and 24 h 2 and 24 h 3 2 
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Table 5-9: Experimental design for tailings sample dosing 
 
Group  Dosage 
(mg 
WAD 
CN/kg 
BW) 
Body temperature 
measurements 
time intervals 
 Necropsy and pH 
measurements of G.I 
tract time intervals 
Number of the chickens  
in each sampling time 
(2 and 24 h) 
Treatment     control  
A (10%) 0.22 0, 1, 6 and 24 h 2 and 24 h 
 
3 3 
B (20%) 0.44 0, 1, 6 and 24 h 
 
2 and 24 h 3  3 
 
 
5.2.3 Measurements and Sampling 
1. Observations  
Clinical signs of treated and control chickens were monitored constantly during the experiment. 
Important clinical signs observed were: changes in the neurological, respiratory and cardiovascular 
systems. More details are given in Section 3.7.1. 
 
2. Body temperature measurements  
The measurement of the body temperature (Section 3.7.2) was carried out for all groups. During the 
first hour post-exposure to NaCN, body temperatures of chickens were measured at different time 
points at 0, 5, 10, 15, 20, 30, and 60 min for Group A (2.27 mg CN/kg BW) higher dose. For Group 
B (0.89 mg CN/kg BW) body temperatures were measured at 0, 6 and 24 h; for the lowest doses 
Groups C (0.4 mg CN/kg BW) and D (0.2 mg CN/kg BW) at 0, 1, 6 and 24 h, respectively. The 
measurements were taken from both dosed and control chickens at matching time intervals when 
possible (Table 5-6). 
The measurements of the body temperatures for chickens treated with copper-cyanide complex 
mixed species, zinc-cyanide complex mixed species and tailings sample were performed post 
dosing at 0, 1, 6 and 24 h, respectively as described previously (Tables 5-7, 5-8 and 5-9). The 
measurements were taken from three treated chickens and two controls (three controls for tailings 
sample experiment) for each sampling point. 
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3. Necropsy evaluations and collection of samples for histology 
Treated and controls chickens were euthanised at 2 h and 24 h by an intravenous administration of 
10 mg/100 g BW of sodium pentobarbitone (Section 3.7.3) and immediately necropsied (Section 
3.7.4).  
An exception was made for the NaCN Group A (highest dose at 2.27 mg CN/kg BW) by including 
more intervals (necropsied) at 15 min, 30 min, 1, 2 and 6 h, and 2, 6 and 24 h for Group B (0.89 mg 
CN/kg BW) (Table 5-6). 
All organs and tissues were examined for gross lesions for both control and treatment groups at 
different time points. Samples for histopathology were taken from brain, kidney, heart and the liver 
from necropsied chickens that were euthanised at 2 h post cyanide dosing or had died before 2 h. 
All the micro-pathological changes in treatment groups were compared with the control chickens. 
 
4.  Measurement of the pH of the gastrointestinal tract contents 
The pH values of the contents from the gastrointestinal (G.I.) tract of chickens were measured 
(Section 3.7.5). Values of the pH of the crop, proventiculus, duodenum and ileum were recorded at 
each sampling point for the chicken groups that treated with NaCN, copper-cyanide complex mixed 
species, zinc-cyanide complex mixed species and tailings sample. 
The pH measurements of each section of the G.I. tract at each sampling point were obtained from 
three test chickens treated with the toxicants (only Group B 0.89 mg CN/kg BW as NaCN had two 
treatments) and compared with two pH measurements of the G.I. tract obtained from the controls 
(two chickens).  
Since Group A for NaCN treatment had one control for each sampling point, the results were 
compared with five control chickens (one control for each sampling point was used as one group). 
Note that the pH of the crop in Group B (NaCN) was not measured.  
 
5. ICP-MS  analysis of metals (copper and zinc) in liver and kidney 
The analysis of metals in liver and kidney biopsies was undertaken using ICP-MS as described 
previously (Section 3.7.6). 
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5.2.4 Statistical analyses 
All the statistical analyses for the pH measurement, ICP-MS analysis and body temperature for 
chickens were performed as described in Section 3.8. 
 
 
5.3 Results 
5.3.1 Clinical signs 
1. Sodium Cyanide 
All NaCN dosed chickens in Group A administered via gavage with the dosage (2.27 mg CN/kg 
BW) and B (0.89 mg CN/kg BW) showed signs of intoxication which started within 30 to 60 
seconds post cyanide exposure. Both dosages 2.27 mg CN/kg BW (Group A) and 0.89 mg CN/kg 
BW (Group B) caused similar clinical signs in all treated chickens.  
Signs of cyanide poisoning were clearly sub-lethal, but intensified over the first hour and then 
reduced. The symptoms included head shaking and vocalisation (chirping), eye blinking, panting, 
hunching up, and ataxia followed by periods of lethargy.  
For the first 5 to10 min post cyanide exposure, chickens were presented with head down, closed 
eyes, fluffed-up feathers (due to decreased body temperature), transient periods of increased rate 
and depth of breathing (hyperpnea), increased pulse rate and watery defecation. 
At 20 to 40 min post treatment, birds showed severe depression and weakness, anorexia, dropped 
head, paralysis of legs, laboured breathing with some animals standing up for 2 min followed by a 
prolonged sitting. The skin of treated chickens was slightly cyanotic comparing with that of the 
control. The severity and duration of the clinical signs were higher in chickens treated with NaCN 
(2.27 mg CN/kg BW) (Group A).  
Chickens dosed with 0.89 mg CN/kg BW (Group B) of NaCN returned to their normal behaviour 
and gradually to their normal appetite 3 to 4 h post cyanide dosing. In Group A (highest dose) only 
one chicken died 20 min post NaCN treatment while other chickens showed anorexia and some 
mild clinical signs of depression which continued until 6 h after the treatment. 
Dosing chickens dosed with 0.4 mg CN/kg BW (Group C) showed no obvious signs of toxicity. 
Five to ten min after treatment chickens showed normal appetite for food and normal water 
consumption. Chickens in Group D were treated with 0.2 mg CN/kg BW (lowest cyanide dose); no 
adverse effects were observed and test chickens showed normal appetite immediately after dosing. 
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2. Copper-cyanide complex mixed species 
Chickens that were dosed with copper-cyanide complex solution (Group A) 3.6 mg WAD CN/kg 
BW and (Group B) 2.8 mg WAD CN/kg BW showed signs of intoxication. These signs generally 
occurred within 5 min after copper-cyanide complex dosing. Both dosages caused similar clinical 
signs in all treated chickens. The onset of signs and symptoms for copper-cyanide exposure was 
quiet different from sodium cyanide toxicity (Section 5.3.1-1).  
The initial symptoms were dropping wings, closing eyes, sitting for a long period and increased 
breath rate. After 20 to 50 min chickens showed head down and fluffed-up feathers.  
After 60 min chickens started eating and moving normally in the cage. However, symptoms of 
depression and weakness, anorexia, dropped head and labored breathing reappeared over extended 
periods of time and vanished again. Two hours or more after the oral dosage the chickens looked 
healthy and returned to their normal behavior and their normal appetite. Chickens dosed orally with 
0.91 mg WAD CN/kg BW (Group C) did not show any clinical signs and had normal appetite. 
 
3. Zinc-cyanide complex mixed species 
The first signs of toxicosis in chicken occurred between 1 and 2 min post exposure to 3.77 mg 
WAD CN/kg BW
 
(Group A) as zinc-cyanide complex mixed species. Treated chicken in this group 
showed severe clinical signs such as gasping, severe convulsion (beating the side of cage) and rapid 
drop in the body temperature. The severely affected chicken was euthanised to minimise stress for 
ethical reasons. Further, dosing other chickens was discontinued with this dosage (3.77 mg WAD 
CN/kg BW).  
Chickens treated with 2.64 mg WAD CN/kg BW (Group B) showed severe signs of intoxication 
which started after 2 min of dosing. The symptoms included panting, eye blinking and lethargy. 
Body temperatures dropped rapidly during the first 60 min (Figure 5-5, Group B). 
All chickens showed anorexia, dropped head and laboured breathing. The intensity of the clinical 
signs remained for 2 h post dosing.  
Chickens dosed with 1.08
 
mg WAD CN/kg BW (Group C) dosage showed mild clinical signs. The 
noticeable signs include anorexia and limited movement. Affect chickens returned to their normal 
behaviour and their normal appetite after 1 h of dosing. Chickens dosed with 0.54 mg WAD CN/kg 
BW (Group D) showed no observable clinical signs the whole time during the experiment (24 h). 
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4. Tailings sample 
Chickens that received 10 % Group A (0.22 mg WAD CN/kg BW) and 20% Group B (0.44 mg 
WAD CN/kg BW) in volume of the tailings solution in a single oral dose relative to their respective 
body weights showed no signs of intoxication during the whole time of the experiment (24 h). 
 
 
5.3.2 Body temperature 
Body temperature of the chickens was measured (Section 3.7.2) for the Groups A, B, C and D post 
NaCN dosing. During the first 60 min there was a significant decrease in the chicken’s body 
temperature in Group A (Figure 5-1).  
The body temperature decreased from approximately 41.1± 0.2 to 39.1± 0.4oC in 60 min. Body 
temperature of chickens in Groups B, C and D showed no significant changes compared with the 
control groups (Figures 5-1 and 5-2). 
The measurement of the body temperature (Section 3.7.2) of the chickens was carried out at 0, 1, 6 
and 24 h post copper-cyanide complex mixed species, zinc-cyanide complex mixed species and 
tailings solution dosing (Figures 5-3, 5-4 and 5-5). There were significant decreases in the chicken’s 
body temperatures after dosing with 3.6 mg WAD CN/kg BW (Group A) as copper-cyanide 
complex mixed species (Figure 5-3) and 2.64 mg WAD CN/kg BW(Group B) as zinc-cyanide 
complex mixed species in 1 h (Figure 5-4). 
On the other hand chickens treated with the tailings solution (Group A) in volume equivalent to 
10% of the body weight (0.22 mg WAD CN/kg BW) and (Group B) in volume equivalent to 20% 
of the body weight (0.44 mg WAD CN/kg BW) showed no significant changes compared with their 
respective control groups (Figure 5-5). 
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   (Group A)     (Group B) 
Figure 5-1: Body temperature of chickens after administration of 2.27 mg CN/kg BW (Group 
A) and 0.89 mg CN/kg BW (Group B) of NaCN (mean±SD; for Group A treatment group 
n=3, control group n=5 and Group B treatment group n=2, control group n=2)  
Note: Significant differences were: *p ≤0.05, **p ≤0.01 
 
 
  (Group C)      (Group D) 
Figure 5-2: Body temperature (mean±SD; treatment group n=3, control group n=2) after 
dosing chickens with 0.4 mg CN/kg BW (Group C), 0.2 mg CN/kg BW (Group D) of NaCN at 
1, 6 and 24 h 
 
 
** 
* 
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Figure 5-3: Body temperature (mean±SD; treatment group n=3, control group n=2) of 
chickens treated with copper-cyanide complex mixed species, 3.6 mg WAD CN/kg BW 
(Group A), 2.8 mg WAD CN/kg BW (Group B) and 0.91 mg WAD CN/kg BW (Group C) 
Note:*Significant differences (*p<0. 05) 
 
 
 
 
 
 
 
 
 
 
* 
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    (Group B)            (Group C) 
 
 
 
 
 
 
(Group D) 
 
 
Figure 5-4: Body temperature (mean±SD; treatment group n=3, control group n=2) of 
chickens treated with zinc-cyanide complex mixed species, 2.64 mg WAD CN/kg BW (Group 
B), 1.08 mg WAD CN/kg BW (Group C) and 0.54 mg WAD CN/kg BW (Group D) 
*Significant differences (*p< 0.0001) 
 
 
 
 
 
 
* 
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             (Group A)      (Group B) 
 
Figure 5-5: Body temperature (mean±SD; treatment group n=3, control group n=3 for each 
sampling point) of chickens treated with tailings sample (Group A) in volume equivalent to 
10% of the body weight (0.22 mg WAD CN/kg BW) and (Group B) in volume equivalent to 
20% of the body weight (0.44 mg WAD CN/kg BW) 
 
 
5.3.3  Pathological and histological changes 
All chickens were necropsied at the end of each sampling point as described in the experimental 
design (Tables 5-6, 5-7, 5-8 and 5-9, Section 5.2.2). Observations post oral dosing were the 
following: 
i.   Chickens treated with NaCN solutions with the two highest doses (Group A and B) showed 
bright red blood and dark tissue colour. During the necropsy of chickens most of the organs, 
particularly the skin, crop and liver showed signs of blood congestion and hypoxia. In chickens 
euthanised 6 h post NaCN dosing (Group A), the crop appeared severely congested, haemorrhagic 
and empty from food (Figure 5-6). Severe hepatic congestion and haemorrhage were observed in 
most treated chickens in Group A (2.27 mg CN/kg BW) (Figure 5-7), and in some chickens the 
brain also appeared congested.  
Chickens in Groups C and D showed normal tissues appearances compared with the control group. 
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Figure 5-6: (a) Normal crop from a control chicken filled with food; and (b) Crop of a chicken 
treated with 2.27 mg CN/kg BW (Group A) 6 h post dosing, showing haemorrhage, congestion 
and was empty from food 
 
 
 
 
 
 
Figure 5-7: (a) Liver from a control chicken showing normal appearance; and (b) Liver of a 
chicken treated with 2.27 mg CN/kg BW (Group A) that died after 20 min of dosing, showing 
severe congestion 
a b 
a b 
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Light microscopy examination (Section 3.7.4) of chicken’s liver, heart, kidney and brain tissues 
were carried out in tissues collected after 2 h of cyanide exposure for all treated groups and for 
chickens that had died before 2 h. Although there were no specific histological changes observed in 
these tissues, the chicken that died 20 min post cyanide dosing in (Group A) showed haemorrhage 
in the cardiac muscle (Figure 5-8). 
 
 
 
    
   (a)       (b) 
 
Figure 5-8: (a) H&E stained of a normal heart muscle; and (b) Heart muscle of a chicken 
treated with 2.27 mg CN/kg BW (Group A) that died after 20 min of dosing, showing 
haemorrhage as viewed under normal light microscope (x100)   
 
 
ii.   Chickens treated with copper-cyanide complex mixed species in Groups A (3.6 mg WAD 
CN/kg BW) and B (2.8 mg WAD CN/kg BW) showed bright red blood and dark tissue colour. At 
necropsy of chickens, liver showed signs of blood congestion and hypoxia. Light microscopy 
examination of the liver (Group A) showed necrosis of the hepatocytes and heamorrhage (Figure 5-
9 a). Chickens treated with the lowest dosage of copper-cyanide mixed species (0.91 mg WAD CN/ 
kg BW, Group C) showed no gross and microscopic pathological changes. 
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(a)       (b) 
 
Figure 5-9: (a) Liver from a chicken treated with (3.6 mg WAD CN/kg BW) of copper-cyanide 
mixed species (Groups A), showed necrosis and haemorrhage; (b) Microscopic view of a 
normal histologic specimen of chicken’s liver from control group (x100, H&E)   
 
 
iii.   Chickens treated with various dosages of zinc-cyanide mixed species for Groups A (3.77 mg 
WAD CN/kg BW), Group B (2.64 mg WAD CN/kg BW) and Group C (1.08 mg WAD CN/kg BW) 
showed no specific lesion at necropsy except the bright red blood and discolouration of the skin. No 
lesions were observed for the chickens that received 0.54 mg WAD CN/kg BW (Group D). 
 
iv.   Chickens that received 10% in volume (Group A, 0.22 mg WAD CN/kg BW) of tailings 
solution relative to their respective body weights showed no gross or microscopic lesions. However, 
chickens dosed with 20% in volume (Group B, 0.44 mg WAD CN/kg BW) of the BW of tailings 
showed some haemorrhage and congestion in the intestine (Figure 5-10) after 2 h.  
Microscopically, heterophils infiltrated around the bile duct (Figure 5-11 b) was observed in the 
tissue collected 2 h after administration. Further, in the kidney there was a cellular infiltration at 24 
h post dosing (Figure 5-12 b). 
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Figure 5-10: Intestine of a chicken treated with the tailings solution in volume at 20% of the 
body weight (Group B, 0.44 mg WAD CN/kg BW) 2 h post dosing, showing haemorrhage and 
congestion 
 
 
 
 
 
 
  
 
                 (a)               (b) 
 
Figure 5-11: (a) Normal chicken liver histology from control group; and (b) Liver from a 
chicken treated with the tailings solution in volume at 20% of the body weight (Group B, 0.44 
mg WAD CN/kg BW) after 2h of administration showed inflammatory cells distributed in the 
liver (heterophils). Heterophils are around the bile duct 
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                               (a)                 (b) 
 
Figure 5-12: (a) Histological section of a normal chicken’s kidney from control group; and (b) 
Histological section of a chicken’s kidney treated with the tailings solution in volume 20% of 
the body weight (Group B, 0.44 mg WAD CN/kg BW) showing slight changes in the kidney 
and cellular infiltration after 24 h of dosing 
 
 
5.3.4 Data on the pH of gastrointestinal tract content  
Gastrointestinal (G.I.) pH values were measured (Section 3.7.5) in control and chickens treated with 
2.27 mg CN/kg BW (Group A), 0.89 mg CN/kg BW (Group B), 0.4 mg CN/kg BW (Group C) and 
0.2 mg CN/kg BW (Group D) as NaCN. The results showed that administration of 2.27 mg CN/kg 
BW (Group A) of NaCN caused significant increase in pH values of the chicken’s G.I. tract post 15 
min (crop and duodenum) and 1 h (crop, duodenum and ileum) but had no effect on the pH of 
proventriculus (Table 5-10). The results also showed that administration of NaCN caused no 
significant changes in pH values of the G.I tract in Groups B, C and D (Tables 5-11 and 5-12). 
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Table 5-10: pH values in different segments of the gastrointestinal tract of treated chickens with a single oral dose of NaCN (2.27 mg CN/kg 
BW, Group A) at different necropsy points (mean±SD, n=3 treatments for each sampling point and n=5 controls, one control for each 
sampling point was used as one group) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Significantly different (p< 0.05) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Crop Proventriculus Duodenum Ileum 
 C  T C T C T C T 
Group A         
15 min 4.7±0.9 6.6±1.0* 3.4 ±0.9 4.0±0.8 6.0±0.11 6.2±0.1* 6.4±0.34 5.9±0.2 
30 min  4.7±0.9 5.5±0.8 3.4 ±0.9 4.0±0.3 6.0±0.11 6.05±0.18 6.4±0.34 6.05±0.69 
1 h 4.7±0.9 6.8±0.3* 3.4 ±0.9 4.1±0.9 6.0±0.11 6.3±0.11* 6.4±0.34 5.79±0.07* 
2 h 4.7±0.9 5.8±1.0 3.4 ±0.9 3.9±0.6 6.0±0.11 6.0±0.05 6.4±0.34 6.3±0.05 
6 h 4.7±0.9 5.8±0.3 3.4 ±0.9 2.8±1.0 6.0±0.11 5.95±0.08 6.4±0.34 6.5±0.29 
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Table 5-11: pH values in different segments of the gastrointestinal tract of treated chickens 
with a single oral dose of NaCN (0.89 mg CN/kg BW, Group B) at 2, 6 and 24 h necropsy 
points (mean±SD for each sampling point, n= 2 treatments, n= 2 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
Where C= Control group, T= Treatment group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Proventriculus Duodenum Ileum 
 C T C T C T 
Group B       
2 h 
 
3.7 ±1.1 4.1±0.65 5.85±0 6.5±0.4 5.9±0.1 6.1±0.2 
6 h 3.0±0.16 3.0±0.10 6.0±0.08 5.6±0.6 5.9±0.08 5.9±0.04 
24 h 
 
3.3 ±1.4 4.3±0.19 5.85±0.03 5.9±0.15 5.83±0.7 5.9±0.16 
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Table 5-12: pH values in different segments of the gastrointestinal tract of treated chickens with a single oral dose of NaCN (0.4 mg CN/kg 
BW, Group C and 0.2 mg CN/kg BW, Group D) at 2 and 24 h necropsy points (mean±SD for each sampling point, n= 3 treatments, n= 2 
controls) 
 
 
 Crop Proventriculus Duodenum Ileum 
 C  T C T C T C T 
Group C         
2 h 
 
5.58±0.28 5.17±0.23 3.5±0.96 3.37±0.04 6.2±0.68 6.2±0.19 6.9±0.13 7.06±0.04 
24 h 
 
4.98±0.66 4.31±0.09 3.38±0.36 3.89±0.06 6.48±0.19 6.06±0.17 6.89±0.11 6.95±0.31 
Group D         
2 h 5.58±0.28 5.75±0 3.5±0.96 3.46±0.76 6.2±0.68 6.19±0.04 6.9±0.13 7.2±0.26 
24 h 4.98±0.66 4.62±0.28 3.38±0.36 3.45±0.15 6.48±0.19 6.5±0.07 6.89±0.11 7.35±0.04 
Where C= Control group, T= Treatment group 
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Gastrointestinal pH values of crop, proventiculus, duodenum and ileum were measured (Section 
3.7.5) in control and treated chickens with various concentrations of copper-cyanide complex mixed 
species, zinc-cyanide complex mixed species and the tailings sample.  
The results showed there were no significant changes in the pH values of the G.I tract for chickens 
after administration of copper-cyanide complex mixed species and zinc-cyanide complex mixed 
species compared to the control groups (Tables 5-13 and 5-14). 
pH values were significantly changed in the chicken’s crop at 2 h and 24 h for Group B after a 
single oral dose of the tailings sample (20% in volume of tailings samples relative to their 
respective body weights). The pH values (in the chicken’s crop) were increased (p<0.0001) after 2 h 
of administration from 5.47±0.08 (control group) to 6.2±0.05 (treatment group), whereas at 24 h 
necropsy time points the pH values were decreased (p<0.001) from 5.95±0.17 (control group) to 
4.83±0.21 (treatment group) (Table 5-15). 
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Table 5-13: pH values in different segments of the gastrointestinal tract of treated chickens with a single oral dose of copper-cyanide 
complexes mixed species (Group A) 3.6 mg WAD CN/kg BW, (Group B) 2.8 mg WAD CN/kg BW and (Group C) 0.91 mg WAD CN/kg BW at 
2 and 24 h necropsy time points, (mean±SD for each sampling point, n=3 treatments, n=2 controls)  
 
 Crop Proventriculus Duodenum Ileum 
 C  T C T C T C T 
Group A         
2 h  5.81±0.33 6.43±0.49 3.8±0.64 3.13±1.16 6.33±0.19 6.24±0.12 6.30±0.09 6.50±0.30 
 
24 h 5.32±0.11 4.65±0.43 3.72±1.49 3.1±0.60 6.21±0.16 6.09±0.15 6.17±0.05 6.20±0.12 
Group B         
2 h 
 
5.81±0.33 6.19±0.16 3.8±0.64 2.61±0.26 6.33±0.19 6.49±0.17 6.30±0.09 6.78±0.132 
24 h 
 
5.32±0.11 5.15±1.2 3.72±1.49 3.1±0.60 6.21±0.16 6.5±0.05 6.17±0.05 6.20±0.12 
Group C         
2 h 5.81±0.33 6.02±0.02 3.8±0.64 4.8±0.25 6.33±0.19 6.16±0.21 6.30±0.09 6.54±0.44 
24 h 5.32±0.11 5.19±0.54 3.72±1.49 4.11±0.23 6.21±0.16 5.96±0.17 6.17±0.05 6.25±0.31 
Note: C= Control group, T= Treatment group 
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Table 5-14: pH values in different segments of the gastrointestinal tract of treated chickens with a single oral dose of zinc-cyanide complexes 
mixed species (Group B) 2.64 mg WAD CN/kg BW, (Group C) 1.08 mg WAD CN/kg BW and (Group D) 0.54 mg WAD CN/kg BW at 2 and 24 
h necropsy time points, (mean±SD for each sampling point, n=3 treatments, n=2 controls) 
 
 
 Crop Proventriculus Duodenum Ileum 
 C  T C T C T C T 
Group B         
2 h  5.81±0.33 5.04±0.28 3.8±0.64 3.75±0.39 6.33±0.19 6.11±0.02 6.30±0.09 6.11±0.35 
24 h 5.1±0.56 5.19±0.54 4.32±0.15 4.11±0.23 6.07±0.08 5.96±0.17 6.07±0.16 6.25±0.31 
Group C         
2 h 
 
5.81±0.33 6.07±0.05 3.8±0.64 3.1±0.94 6.33±0.19 6.39±0.10 6.30±0.09 6.2±0.16 
24 h 
 
5.1±0.56 4.90±0.23 4.32±0.15 3.59±0.17 6.07±0.08 5.87±0.18 6.07±0.16 6.13±0.37 
Group D         
2 h 5.81±0.33 5.50±0.79 3.8±0.64 3.4±0.22 6.33±0.19 6.12±0.03 6.30±0.09 6.07±0.68 
24 h 5.1±0.56 5.32±0.23 4.32±0.15 3.85±0.37 6.07±0.08 6.08±0.01 6.07±0.16 6.04±0.13 
Note: C= Control group, T= Treatment group 
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Table 5-15: pH values in different segments of the gastrointestinal tract of treated chickens with a single oral dose of the tailings solution 
(Group A) in volume equivalent to 10% of the body weight (0.22 mg WAD CN/ kg BW) and (Group B) in volume equivalent to 20% of the 
body weight (0.44 mg WAD CN/ kg BW) at 2 and 24 h necropsy time points (mean±SD for each sampling point, n=3 treatments, n=2 controls)  
 
   Crop     
                                            
Proventriculus Duodenum Ileum 
 C  T C T C T C T 
Group 
A 10 % 
        
2 h  5.64±0.21 5.9±0.23 4.12±1.0 3.17±1.5 6.1±0.10 6.45±0.16 6.85±0.30 6.61±0.69 
24 h 5.81±0.05 5.4±0.2 4.03±0.68 3.46±1.6 6.27±0.08 6.35±0.13 6.27±0.1 6.42±0.41 
Group 
B 20 % 
        
2 h 
 
5.47±0.08 ***6.2±0.05 4.3±1.75 3.91±1.58 6.24±0.11 6.42±0.08 6.84±0.41 7.15±0.22 
24 h 
 
5.95±0.17 **4.83±0.21 2.45±0.93 3.61±0.88 6.28±0.14 6.37±0.25 6.16±0.35 6.29±0.24 
Note: *Significantly different (**p<0.001) and (***p<0.0001); C= Control group; T= Treatment group 
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5.3.5 Concentrations of heavy metals (Cu and Zn) in the liver and kidney of 
chickens in control and treatment groups 
The recovery values and concentrations in certified reference material (NIST SRM 1577b Bovine 
Liver) for the investigated elements (Cu and Zn) are listed in Table 5-16. Table 5-17 gives the 
concentrations of Cu and Zn in the liver and kidney of chickens from the control and treatment 
groups dosed with various dosages of copper-cyanide and zinc-cyanide complexes. The copper 
levels in the liver and kidney of the chicken were comparable between the treatment groups and the 
control. Zinc concentrations were higher in the liver than kidney. However, all the values (Zn levels 
in the liver and kidney) for the treatments groups were comparable to the control group. The results 
were corrected against the recovery of the SRM. 
 
 
Table 5-16: Trace element concentrations in certified reference material (NIST SRM 1577b 
Bovine Liver), n=3 
 
 
 
 
 
 
 
 
Table 5-17: Mean concentrations (µg/g dry weight ±SD, n=3) of Cu and Zn in liver and kidney 
of chickens treated with different dosages of copper-cyanide and zinc-cyanide complex mixed 
species at 2 h and 24 h necropsy time intervals 
 
 
Metal   Certified value (µg/g) Measured value 
(µg/ g) 
Recovery (%) 
Cu 160 123.4 ±2.0 77 
Zn 127 102.1±3.1 80 
 2 h Liver (µg/g) 24 h  Liver (µg/g) 2 h Kidney (µg/g) 24 h Kidney (µg/g) 
 
Copper-cyanide complex  
 
 
   
Cu     
Control 15±1.4 13±2 18.8±1.41 16.3±2.06 
Group A 15±2.1 13.61±3.5 18.6±3.3 16.2±3.2 
Group B 15.5±0.5 12.7±1.3 15.5±0.2 14.3±2.2 
 
Zinc-cyanide complex 
 
 
 
  
Zn 
  
  
Control 76±1 74.3±5.5 53.1±7.8 55.4±9.3 
Group B 78±4 73.7±1.5 46.8±3.9 54±5.2 
Group C  68±7.2 69.2±2.6 52.1±3.3 50.6±5 
123 
 
5.4 Discussion 
5.4.1   Sodium cyanide poisoning in chicken 
Dosing chickens with 2.27 mg CN/kg BW (Group A) and 0.89 mg CN/kg BW (Group B) as NaCN 
showed typical clinical signs of acute cyanide toxicity that have been previously reported among 
mammals and birds, and in particular in chickens, e.g. head shaking , panting and lethargy 
(Wiemeyer et al. 1986; Henny et al. 1994).  
It is recognised that intoxication with cyanide in birds is associated with the formation and 
absorption of the free cyanide (HCN in equilibrium with CN-, Figure 1-2) in the digestive tract of 
avian species with a range of the pH values from 1.3 to 6.5 (Henny et al. 1994). 
Systemic acute effects of the free cyanide result primarily from the interruption of aerobic 
metabolism and from the release of secondary neurotransmitters and catecholamines; these effects 
include altered respiration, vomiting, nausea, and weakness and ultimately convulsions, coma and 
death (Klaassen 2001). The earliest effects of cyanide toxicity occur in organs with high aerobic 
energy demands, particularly the brain and heart. 
Most clinical effects demonstrated in animals including chickens are of Central Nervous System 
(CNS) origin due to oral administration of cyanide (ATSDR 2006).  
Although chickens dosed with 2.27 mg CN/kg BW (Group A) and 0.89 mg CN/kg BW (Group B) 
of NaCN showed extreme signs of exposure, they appeared normal after 3 to 4 h (for Group B);  
chickens in Group A continued to show mild clinical signs even 6 h after initial cyanide dosing.  
The recovery from intoxication can be explained by the detoxification mechanism of cyanide and 
biotransformation to thiocyanate and its subsequent excretion from the body (Wiemeyer et al. 
1986). Therefore, only chickens in Group A that received 2.27 mg CN/kg BW exhibited a 
significant decrease in body temperature 60 min after the exposure, while chickens in other 
treatment groups showed normal body temperature at all measurement points post-dosing. 
At necropsy, chickens from Groups A and B showed bright red blood and dark tissue colour most 
probably due to the fact that the body did not utilise oxygen, as the venous blood remained 
oxygenated resulting in tissue (cell) hypoxia (Salkowski and Penney 1994; Cummings 2004). 
Depression in the appetite may be the reason behind the empty of the crop of a chicken treated with 
2.27 mg CN/kg BW (Group A) 6 h post dosing.  
The gross findings of the chickens examined at necropsy (Section 5.3.3) such as congestion and 
haemorrhages were consistent with characteristic lesions associated with cyanide toxicity. Previous 
reports have shown that birds dying from cyanide ingestion have bright red, oxygenated blood, and 
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their tissues or organs appear congested and haemorrhagic (Friend et al. 1999). Woldemeskel and 
Styer (2010) indicated that Cedar Waxwings that die from eating a toxic doses of N. domestica 
berries (containing cyanide and other alkaloids) showed haemorrhages in the thoraco-abdominal 
cavity and organs such as lungs, heart, and trachea.  
As reported in Section 5.3.3, histopathological examination of the organs sampled at necropsy 
showed that there were no tissue damages in liver, kidney and brain except the haemorrhages in 
heart muscle from a chicken that died 20 min after dosing with 2.27 mg CN/kg BW (Group A). 
However, Woldemeskel and Styer (2010) reported microscopic changes (diffuse congestion) in the 
lungs, liver, kidney, proventriculus, ventriculus, uvea of the eye, heart, the meninges, and brain in 
toxicated Cedar Waxwings with cyanide. 
Generally, there are no specific gross or histopathological lesions seen following acute cyanide 
poisoning and most of the histopathological lesions in animals are related to chronic cyanide 
exposure (ATSDR 2006).  
Although, sodium cyanide in solution had a high pH (10.7-11) before it was administered in 
chickens, data on pH values showed no changes in the pH of crop, proventriculus, duodenum and 
ileum contents after cyanide administration in Groups B, C and D. However, chickens in Group A 
showed significant increase in the pH of some of those organs after 15 min and 1 h of cyanide 
dosing.  
Dosing chickens with 0.4 mg CN/kg BW (Group C) showed no clinical signs of cyanide toxicity. 
However, after 5 to 10 min of NaCN dosing the chickens returned to their normal appetite for food 
and normal water consumption with no changes in the body temperature or on the pH values of the 
G.I. tract. 
The lowest tested dosage at 0.2 mg CN/kg BW (Group D) had no observed effects on administrated 
chickens that showed normal appetite after dosing directly. 
 
 
5.4.2 Safe dose of sodium cyanide 
While the clinical signs of treated chickens with high and acute doses of NaCN were easily 
observed, the results showed that dosing chickens with 0.4 and 0.2 mg CN/kg BW (Groups C and 
D, respectively) had no significant observable adverse clinical effect or significant changes in the 
chicken’s body temperature or the pH values of the G.I tract.  
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Chickens treated with 0.4 mg CN/kg BW (Group C) returned to their normal appetite for food and 
normal water consumption after 5 to 10 min of NaCN doing whereas chickens dosed with 0.2 mg 
CN/kg BW returned to their normal appetite after dosing directly. 
Consequently, the tested dosage of NaCN 0.4 mg CN/kg BW (400 mg CN/L, Group C) can be 
considered as the Lowest Observable Adverse Effect Level (LOAEL) while the lowest tested 
dosages of NaCN 0.2 mg CN/kg BW (200 mg CN/L, Group D) could be considered as the No 
Observable Adverse Effect Level (NOAEL) (Section 3.6.3). 
It’s important to recognise that LOAEL and NOAEL for NaCN are experimentally determined 
based on limited number of dosed concentrations (one single oral dose) and small number of 
chickens (n=3). 
Moreover, the difference between the measured values of LOAEL and NOAEL is 50% in 
concentration. 
 
 
5.4.3 Toxicity of copper-cyanide and zinc-cyanide complexes mixed species in 
chickens 
Onset of symptoms of the oral exposure of zinc-cyanide complex mixed species in chickens was 
quicker to those of copper-cyanide complex mixed species. Chicken treated with 3.77 mg WAD 
CN/kg BW (Group A) of zinc-cyanide complex mixed species promptly displayed violent 
convulsions followed by paralysis while chickens dosed with 3.6 mg WAD CN/kg BW (Group A) 
of copper-cyanide complex mixed species appeared to have experienced less toxicity.  
According to the stability constant of metal-cyanide complexes (Marsden and House 2006) (Table 
1-1), zinc-cyanide complex is relatively unstable (lower stability constants than copper-cyanide 
complex) and thus can break down in the acidic conditions in the stomach and produces sufficiently 
high toxic free cyanides (HCN and CN-) concentrations than copper-cyanide complex.  
Clinical effects of copper-cyanide complex mixed species exposure to chickens, such as depression 
and weakness, anorexia, dropped head and labored breathing (signs of intermittent sickness), may 
be related to relatively slower liberation of free cyanide in the stomach under acidic conditions 
(Eisler and Wiemeyer 2004). 
Previous results showing that cyanide absorption may be retarded by the lower dissociation rates of 
metal–cyanide complexes in bird’s stomach (Henny et al. 1994). Further, not all the cyanide that 
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originated from disassociation of copper-cyanide complex mixed species results in toxicity to the 
chickens. Free cyanide can be detoxifying in the liver by the mitochondrial enzyme to form the less 
toxic thiocyanate, which is excreted in the urine (Wiemeyer et al. 1986). 
In the case of copper-cyanide complex, slower release of free cyanide might have helped its 
detoxification. It is important to note that the acidity of the digestive tract showed no significant 
increases after administration of either copper-cyanide or zinc-cyanide complexes mixed species 
and thus supported the concept of the dissociation of these complexes in low pH medium.  
Moreover, the dosing of copper-cyanide and zinc-cyanide complexes to chickens did not appear to 
significantly alter Cu and Zn levels in the liver and kidney (Section 5.3.5) when compared to the 
control chickens. This suggested that the metal concentrations of the cyanide-complexes were 
relatively low compared to the amount in the chicken diet (Appendix X) although the latter was not 
measured in this study. 
At each sacrifice time (Section 5.2.3, 3), the only gross pathological lesion that we observed (except 
Group D 0.54 mg WAD CN/kg BW of zinc-cyanide complex mixed species and Group C 0.91 mg 
WAD CN/kg BW of copper-cyanide complex mixed species) is bright red blood and the pink or red 
discoloration of the skin that is seen in cyanide poisoning.  
Microscopically, the slight changes in the intestine, liver and kidney were not entirely related to 
cyanide but might also be due to the metals in the test solution. 
For the lowest tested dosages of zinc-cyanide complex mixed species 0.54 mg WAD CN/kg BW 
(550 mg WAD CN/L, Group D) and copper-cyanide complex mixed species 0.91 mg WAD CN/kg 
BW (940 mg WAD CN/L, Group C), no toxic effects were observed in chickens and thus it could 
be considered as a NOAEL (Section 3.6.3) for these two cyanide-complexes for chickens. 
 
 
5.4.4 Effects of tailings sample on chickens  
Following oral administration of the tailings solution contains WAD CN to chickens at doses much 
lower than the recommended safe guideline value of 50 mg/L WAD CN (Section 1.1) at 2 h and 24 
h, did not reveal any clinical signs. Weak acid dissociable cyanide at doses 10 % Group A (0.22 mg 
WAD CN/kg BW) and 20% Group B (0.44 mg WAD CN/kg BW) in volume of the tailings samples 
in a single oral dose relative to their respective body weights was well tolerated by all treated 
chickens and it seems to be agreed with the ICMC value.  
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However, these experimental results did not prove certainties about the safety parameter (50 mg/L 
WAD CN) for the chickens or other more sensitive birds species if the repeated doses or longer 
term exposure occur. 
The tailings sample has a concentration of WAD CN as low as 22 mg/L, it caused some 
pathological changes in chickens (Section 5.3.3) that were dosed with 20% in volume (Group B, 
0.44 mg WAD CN/kg BW) relative to their body weights. However, those pathological alterations 
(grossly in the intestine and microscopically in the liver and kidney) may not be associated with the 
cyanide alone but rather than to the metals co-contaminants. 
Further, the pH values were significantly increased after 2 h (Table 5-15) in the chicken’s crop for 
(Group B) that received (a single oral dose) 20% in volume of tailings samples relative to their body 
weights. This increase in the pH values can be explained due to the high alkalinity of the tailings 
sample (pH 8.5) which can neutralise the acidity at the normal pH of the crop post administration. 
However, the increased acidity (drop in crop pH) of the crop after 24 h may be due to the less 
amount of food that chickens have consumed after the administration of tailings sample and the 
passing of the tailings solution further down the gastrointestinal tract.  
This result suggests that concentration of WAD CN which is below the standard of 50 mg/L weak 
acid dissociable (WAD) cyanide may not induce clinical signs of toxicity in chickens but it has 
some other adverse effects probably to the complex mixture of contaminants in the tailings solution. 
Investigation of combined toxicity of complex mixture(s) in tailings solutions is outside the scope 
of this study and will required further detailed work. 
 
 
5.5 Conclusion 
Chickens can be used as a test species to model other wild avian species to investigate the toxicity 
of sodium cyanide and other forms of metal-cyanide complexes (e.g. copper-cyanide complex 
mixed species and zinc-cyanide complex mixed species) from ingestion of TSFs waste solution at 
gold mines.  
This study shows that chickens displayed various toxicity responses to different concentrations of 
NaCN. No Observable Adverse Effect Level (NOAEL) and Lowest Observable Adverse Effect 
Level (LOAEL) of sodium cyanide in chickens were experimentally determined to be at 200 and 
400 mg CN/L, respectively. 
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Chickens dosed with the weak zinc-cyanide complex mixed species and moderately strong copper-
cyanide mixed species showed relative lower toxicity compared with sodium cyanide but within the 
same order of magnitude of each other. WAD CN was found to be toxic in chickens in the 
following order: 
NaCN > zinc-cyanide complex > copper-cyanide complex. 
Copper-cyanide complex dissociates more slowly than zinc-cyanide complex and thus induce less 
toxicity in chickens. These unstable metal-cyanide complexes can dissociate in the chicken’s and 
hence bird’s stomach at low pH and release free cyanide.  
Signs of NaCN toxicity in test chickens began approximately 30-60s after consumption, for zinc-
cyanide mixed species after 1 to 2 min and for copper-cyanide mixed species after 5 min, 
respectively. However, the recovery was observed several hours post oral administration.  
No clinical signs were observed on chickens treated with a tailings solution containing 22 mg/L of 
WAD CN.  
However, the experimental results showed some other adverse effects such as mild pathological 
alterations and changes in the pH values of the chicken’s crop that received the highest dose/volume 
of the tailings solution at 20% in volume relative to the body weight. 
Therefore, the ICMC 50 mg/L of WAD CN guideline for protection of wildlife compared against 
tailings released into TSFs may not be safe for wildlife protection particularly for bird species that 
are more sensitive to CN poisoning compared to chickens. 
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Chapter 6 : Relationship of Euglena gracilis 
and chicken toxicity to predict cyanide 
toxicity using a risk assessment approach 
6.1 Introduction  
This study has demonstrated that the Euglena gracilis Z and SMZ are potentially useful as a 
screening tool for the toxicity assessment of free cyanide, metal-cyanides (copper and zinc) and 
mine solution (Section 4.4). 
Moreover, the data have shown that chickens can be used as a test species to model other wild avian 
species to investigate the toxicity of sodium cyanide and other forms of metal-cyanide complexes 
(copper-cyanide complex mixed species and zinc-cyanide complex mixed species) from ingestion 
of TSF waste solution at gold mines (Section 5.4).  
In order for this bioassay organism to be used for predicting cyanide toxicity and wildlife protection 
in gold mining industry under the International Cyanide Management Code (Section 1.1), the 
validation of the Euglena cell-based assay against the chicken (bird) model as a surrogate 
toxicological model for the migratory birds had been performed.  
In this Chapter, the toxicological data from the unicellular (E. gracilis Z and SMZ) were calibrated 
against the chicken to determine the correlation relationship of these two in-vivo test systems.  
Euglena gracilis Z and SMZ (as an in-vivo unicellular model) and the chicken (as a test species) 
displayed a toxicity response to various concentrations of sodium cyanide. These responses provide 
statistical relationships that enable the estimation of a safe CN level in the water that may be 
available for birds to drink.  
Further, this validation enables a more refined and rapid risk assessment to be performed against the 
ICMC guideline that the WAD CN concentration of 50 mg/L as a safe level to wildlife (ICMI 
2006). 
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6.2 Materials and Methods 
6.2.1 Correlation between cyanide toxicity in chickens and Euglena gracilis 
For the correlation between NaCN toxicity in chickens and Euglena gracilis Z and SMZ, the 
following calculations are performed: 
i. Transformation of percentage mortalities of experimental sodium cyanide dosages to probit 
values. The percentage of animals that had died at each dose level is transformed to probit 
value by using the information contained in Appendix XIII (Randhawa 2009). The obtained 
probit values are plotted against log-doses to provide an equation for predicting Y values 
(probit scale). 
ii. The Lethal concentrations values for Euglena gracilis Z and SMZ (LCs= 100-ICs) are 
calculated by using Prism software (Section 3.8), log (agonist) vs. response-Find ECs. 
iii. Lethal doses (LDs) mg CN/kg BW in chickens and the lethal concentrations (LCs) mg CN/L in 
Euglena gracilis Z and SMZ (for NaCN toxicity) are plotted respectively, using a power 
function as shown in Equation 6-1. 
 
Equation 6-1: Power function for relation between (LDs) in chickens and (LCs) in Euglena 
gracilis Z and SMZ 
 
* = ! 
 
 
6.2.2 Safe dose of sodium cyanide for selected bird species 
The safe level of NaCN (NOAEL and LOAEL) (Section 3.6.3) for selected wild birds species are 
calculated using Equation 6-2. 
 
Equation 6-2: Safe level of NaCN for selected bird species 
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The safe dosage of NaCN for some bird species (No Observable Adverse Effect Concentration 
(NOAEC) and Lowest Observable Adverse Effect Concentration (LOAEC)) is calculated in mg 
CN/kg BW according to Equation 6-3. 
 
Equation 6-3: Safe dose of NaCN for other bird species 
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6.3 Results and Discussion 
6.3.1 Relationship of Euglena gracilis and chicken toxicity to predict cyanide 
toxicity 
Each dose that was administered to the chickens of NaCN was transformed to log-dose and then the 
number of affected chickens was counted in each group. The percentage of chickens that had died at 
each dose level is then transformed to probit scale value. As shown in Table 6-1 the median lethal 
dosage (LD50) of NaCN 11.1 mg CN/kg BW (11100 µg CN/kg BW) that obtained from the 
literature (Wiemeyer et al. 1986) is corresponding to probit 5 (transformation of percentage 
mortalities to probit (Appendix XIII)). 
The highest experimental dose of NaCN 2270 µg CN/kg BW (Group A) that caused 1/3 mortality in 
chickens (33.3%) is corresponding to probit 4.56.  
The experimental NaCN dose of 890 µg CN/kg BW (Group B) where no mortality was adjusted 
from 0% to 8.3% to incorporate uncertainty associated with a small size sample n=3 (adjusted 
formula for 0 % dead: 100 x (0.25/n) where n=3) (Randhawa 2009) is corresponding to probit 3.59.  
The lowest two experimental dosages of NaCN 400 µg CN/kg BW (Group C) and 200 µg CN/kg 
BW (Group D) are corresponding to probit 1.  
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Table 6-1: Transformation of percentage mortalities of experimental sodium cyanide dosages 
to probit values  
 
Group Dose 
mg 
CN/kg  
BW 
Dose 
µg  
CN/kg 
BW 
Log dose 
(x) 
%  
Mortality 
Probit 
values 
LD50 11.1 11100 4.04532 50 5 
A 2.27 2270 3.35603 33.3 4.56 
B 0.89 890 2.94939 8.3 3.59 
C 0.4 400 2.60206 1 2.67 
D 0.2 200 2.30103 1 2.67 
 
 
The probit values from Table 6-1 are plotted against log-doses to obtain an equation for predicting 
Y values (probit scale). Plot of log-doses versus probit values (Figure 6-1) yielded Equation 6-4 
with R2= 0.9263. 
 
 
Equation 6-4: Predicting Y values (probit scale) 
 
 
* = 	". 1#3! − #. 3#4# 
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Figure 6-1: Plot of log-doses versus probits from Table 6-1  
 
 
From Equation 6-4 the predicted Y value (probit units) for each dose was calculated and 
transformed to the percentages of the lethal dose (calculated from the Table in Appendix XIII) as 
shown in Table 6-2. 
 
 
Table 6-2: Predicted Y values (probit units) and the calculated values of the percent lethal 
dose  
a Equation 6-4 
 
 
 
Group Dose 
mg CN/kg 
BW 
Dose 
µg  
CN/kg BW 
Log dose 
(x) 
Predicted   
Y=Ea 
Calculated Lethal Dose 
% 
LD50 11.1 11100 4.04532 5.198 57.5 
A 2.27 2270 3.35603 4.158 20 
B 0.89 890 2.94939 3.544 7 
C 0.4 400 2.60206 3.020 2 
D 0.2 200 2.30103 2.566 <1 
134 
 
The calculated percent of mortality for the NaCN experimental dosages are:  
20% for 2270 µg CN/ kg BW, 7% for the 890 µg CN/kg BW, 2% for the 400 µg CN/kg BW and 
<1% for the 200 µg CN/kg BW. 
To establish a relation between Euglena gracilis Z and SMZ; LC20, LC7, LC2 and LC<1 were 
calculated from the known 48 h IC50 values for sodium cyanide (47.5 µM for Z and 39.2 µM for 
SMZ using resazurin assay) given in Table 4-3 (Section 4.3.2). These LCs values were converted 
from (µM to mg CN/L) for Z and SMZ cells (Table 6-3). 
 
 
Table 6-3: Lethal concentrations values for Euglena gracilis Z and SMZ cells 
 
LCS  
 
LCS (µM) 
for Z 
 
 
LCS (mg CN/L) 
for Z 
LCS  (µM) for 
SMZ 
  
LCS (mg CN/L) 
   for SMZ 
50 47.5 1.24 39.2 1.01 
20 26.3 0.6838 33.64 0.87464 
7 15.63 0.40638 28.19 0.73294 
2 8.873 0.230698 23.26 0.60476 
<1 6.541 0.170066 20.97 0.54522 
 
 
For more clarification and calibration, Tables 6-4 and 6-5 show the relationship between LDs in 
chickens and the LCs in Euglena gracilis Z and SMZ. 
 
Table 6-4: Lethal doses values in chickens (mg CN/kg) and the lethal concentrations values in 
Euglena gracilis Z cells (mg CN/L) 
 
 
 
 
 
 
 
 
 
 
Chickens mg CN/kg BW  Euglena Z cells mg CN/L 
LD50 11.1  LC50 1.24 
LD20 2.27  LC20 0.6838 
LD7 0.89  LC7 0.40638 
LD2 0.4  LC2 0.230698 
LD<1 0.2  LC<1 0.170066 
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Table 6-5: Lethal doses values for chickens and the lethal concentrations values for Euglena 
gracilis SMZ cells 
 
 
 
 
 
 
 
 
LDs and LCs values were plotted on ordinate and abscissa, respectively, (Figures 6-2 and 6-3) using 
a power function Equation 6-1. 
 
 
 
 
Figure 6-2:  Plot of lethal doses (LDS) mg CN/kg BW in chickens and the lethal concentrations 
(LCS) mg CN/L in Euglena gracilis Z (for NaCN toxicity) using a power function 
 
 
 
 
 
Chickens mg CN/kg BW  Euglena SMZ cells mg CN/L 
LD50 11.1  LC50 1.01 
LD20 2.27  LC20 0.87464 
LD7 0.89  LC7 0.73294 
LD2 0.4  LC2 0.60476 
LD<1 0.2  LC<1 0.54522 
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Figure 6-3: Plot of lethal doses (LDS) mg CN/kg BW in chickens and the lethal concentrations 
(LCS) mg CN/L in Euglena gracilis SMZ (for NaCN toxicity) using a power function 
 
 
A predictive equation for the toxicity in chicken (birds) based on the Euglena cytotoxicity data (Z 
and SMZ) was established for cyanide. This model is relating the minimum dosage at which clinical 
signs are observed in treated chickens to the equivalent concentrations that would be associated 
with acute cytotoxicity assay (in Euglena gracilis) with the relative LCs values. 
It is important to recognise that the proposed model also related the dosage of cyanide that caused 
no observable clinical effects in chicken with Euglena toxicity data (Section 3.6.3). The power 
function relation between LDs in chickens and LCs in Euglena gracilis Z and SMZ yielded 
Equations 6-5 and 6-6 for NaCN for Z and SMZ cells, respectively.  
 
 
Equation 6-5: The power function relation between (LDs) in chickens and (LCs) in Euglena Z 
for NaCN  
 
*	 = 	#. 5367!#.1#3 
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Equation 6-6: The power function relation between (LDs) in chickens and (LCs) in Euglena 
SMZ for NaCN 
 
*	 = 	#. 89#6!#."135 
 
 
 
Excellent correlation were obtained with R2= 0.9858 and 0.9663 between the toxicity in chicken 
and Euglena gracilis Z and SMZ cytotoxicity data, respectively. 
 
 
6.3.2 Safe dose of NaCN for other bird species 
Based on 0.2 mg CN/kg BW (200 mg CN/L, NOAEL) and 0.4 mg CN/kg BW (400 mg CN/L, 
LOAEL) of NaCN in chickens (Section 5.4.2), relative toxicity cross species variation were applied 
in Table1 6-6. 
The safe level (NOAEL and LOAEL) for other bird species were calculated using the Equation 6-2.  
 
 
Table 6-6: NOAEL and LOAEL cross some bird species 
 
Bird Oral LD50 
mg CN/kg BW 
NOAEL  
mg CN/L 
LOAEL 
mg CN/L 
Mallard Anas platyrhynchos 1.43 26 52 
American kestrel (AK) 2.12 38 76 
Black vulture (BV) 2.54 46 92 
Eastern screech-owl (SO) 4.56 82 164 
Japanese quail (JQ)  4.98 90 180 
European starling (ES) 9.0 162 324 
Chicken (this study) 11.1 200 400 
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6.3.3 Application of the predictive model for cyanide 
By using the predicted models (Equations 6-5 and 6-6) (Section 6.3.1); an estimation of the safe CN 
concentration (NOAEL and LOAEL) in the drinking water for the migratory birds that access TSFs 
at mine sites can be provided. 
In order to set the LC values (Y axis) for E. gracilis (mg CN/L) with the safe dosage (mg CN/kg 
BW) for some bird species (Table 6-6), the NOAEC and LOAEC were calculated again in (Tables 
6-7 and 6-8) in mg CN/kg BW based on 0.2 and 0.4 mg CN/kg BW NOAEL and LOAEL for 
chickens, respectively according to Equation 6-3. 
Based on the prediction equation for the toxicity in chicken that related with Euglena (Z and SMZ) 
cytotoxicity data (Equations 6-5 and 6-6), we calculated the equivalent concentrations (Y values) in 
mg CN/L for Euglena gracilis Z and SMZ for each bird species. 
Table 6-7 displayed Y1 values for Z and SMZ based on 0.2 mg CN/kg BW as NOAEL in chicken 
for some bird species. While (Table 6-8) presented Y2 values based on 0.4 mg CN/kg BW as 
LOAEL in chickens for some bird species. 
 
 
Table 6-7: Equivalent concentrations in mg CN/L (Y1 values) for Z and SMZ cells based on 0.2 
mg CN/kg BW as NOAEL for some bird species 
 
Bird NOAEL 
mg CN/kg BW 
Y1=Ea for Z Y1=Eb for SMZ  
Mallard Anas platyrhynchos 0.026 0.0621 0.4030 
American kestrel (AK) 0.038 0.0754 0.4281 
Black vulture (BV) 0.046 0.0831 0.4413 
Eastern screech-owl (SO) 0.082 0.1115 0.4839 
Japanese quail (JQ)  0.090 0.1169 0.4911 
European starling (ES) 0.162 0.1577 0.5393 
Note: Y1 values for Z and SMZ were calculated from aEquation 6-5 and bEquation 6-6  
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Table 6-8: Equivalent concentrations in mg CN/L (Y2 values) for Z and SMZ cells based on 0.4 
mg CN/kg BW as LOAEL for some bird species 
 
Bird LOAEL 
mg CN/kg BW 
Y2 =Ea for Z Y2=E b  for SMZ  
Mallard Anas platyrhynchos 0.052 0.0884 0.4500 
American kestrel (AK) 0.076 0.1073 0.4781 
Black vulture (BV) 0.092 0.1182 0.4928 
Eastern screech-owl (SO) 0.164 0.1587 0.5404 
Japanese quail (JQ)  0.18 0.1664 0.5485 
European starling (ES) 0.324 0.2244 0.6023 
Note: Y2 values for Z and SMZ were calculated from aEquation 6-5 and bEquation 6-6  
 
 
An example of using the predictive model for Mallard duck Anas platyrhynchos is displayed in 
Figure 6-4. 
Based on the NOAEL (Section 5.4.2) of 0.2 mg CN/kg BW in chickens, the NOAEL for Mallard 
duck is 0.026 mg CN/kg BW and Y1 value for E. gracilis Z will be will be 0.0621 mg CN/L. 
Based on the LOAEL (Section 5.4.2) of 0.4 mg CN/kg BW in chickens, LOAEL for Mallard duck 
is 0.052 mg CN/kg BW and Y2 value for E. gracilis Z will be 0.0884 mg CN/L. However, if the 
cyanide level exceeds the LOAEL values then the calculated Y3 value for E. gracilis Z will be more 
than 0.0884 mg CN/L and this concentration of cyanide can be considered as not safe and 
potentially toxic for Mallard duck.  
From this predictive model, the safe level for Mallard duck based on the Euglena Z test could be 
between 0.0621 and 0.0884 mg CN/L; and probably less than 0.0621 mg CN/L. Similarly, 
predictive safe levels for CN screening using Euglena SMZ can be derived for Mallard duck and 
indeed for other bird species provided their LD50 values are known. 
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Figure 6-4: Estimation of safe concentrations of cyanide for Mallard Anas platyrhynchos using 
the predictive model with Euglena gracilis Z 
 
 
6.3.4 Comparing the safe level of cyanide in some bird species with the 50 mg/L 
WAD CN value 
The International Cyanide Management Code (ICMC) (Section 1.1) has set 50 mg/L WAD cyanide 
released into TSFs to be safe for the wildlife protection including birds (ICMI 2006). However, this 
value was based on observations not on validated toxicity data. 
In this study, the LOAEL for some bird species based on 400 mg CN/L as LOAEL in chickens were 
established in (Table 6-6). All the LOAEL that were calculated for bird species (Table 6-6) in mg 
CN/L exceed the 50 mg/L WAD CN.  
It’s worth noting that LOAEL of cyanide for Mallard duck Anas platyrhynchos (52) probably agrees 
with the 50 mg/L WAD CN value advised by ICMI (2006), taking into account analytical errors; 
however, this LOAEL margin is limited and cannot be certain to be protective for this species.  
On the other hand, the NOAEL for other bird species based on 200 mg CN/L as a NOAEL in 
chickens have derived species-specific safe levels for cyanide exposure (Table 6-6). Mallard duck 
Anas platyrhynchos, American kestrel (AK) and Black vulture (BV) had NOAEL lower than 50 mg 
CN/L (26, 38 and 46 mg CN/L, respectively). 
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The data suggest that the 50 mg/L ICMC guideline may not be safe for those three species and may 
cause bird mortality. 
 
 
6.3.5 Comparison of sodium cyanide and metal-cyanide complexes toxicity in 
chickens and Euglena gracilis  
Based on the CN released it has been found that the toxicity (in chickens) is in the order of: 
NaCN > zinc-cyanide complex mixed species > copper-cyanide complex mixed species (Sections 
5.4.2 and 5.4.3).  
The No Observable Adverse Effect Level (NOAEL) for NaCN was 200 mg CN/L (Section 5.4.2), 
550 mg CN/L for zinc-cyanide complex mixed species and 940 mg CN/L for copper-cyanide 
complex mixed species, respectively (Section 5.4.3).  
These results suggest that the toxicity in chickens is induced by the dissociation of metal-cyanide 
complexes of zinc and copper in low pH but the free cyanide that released from NaCN and metal-
cyanide complexes drives the main toxic effect. Indeed, the toxicity of zinc-cyanide is higher than 
copper-cyanide complex which can be related to the slower and lesser amount of CN- that is 
liberated when the later dissociates. 
In all cases the results for zinc-cyanide and copper-cyanide complexes suggested that the NOAEL 
(Section 5.4.3) that are calculated for the very sensitive species such as Mallard ducks are (71 mg 
CN/L as zinc-cyanide complex mixed species and 121 mg CN/L as copper-cyanide complex mixed 
species) sufficiently safe compared to the industry protective concentration 50 mg/L WAD CN.  
The toxicity results in chickens (Sections 5.4.2 and 5.4.3) were within the same order of magnitude 
difference between NaCN and both copper-cyanide and zinc-cyanide complexes mixed species 
which is similar to the observation with the Euglena gracilis SMZ cytotoxicity data on a molar 
WAD CN basis in the order of NaCN (1.02 mg CN/L), zinc-cyanide complex mixed species (2.13 
mg CN/L) and copper-cyanide complex mixed species (5.54 mg CN/L) and within the same order 
of magnitude of each other (for both Z and SMZ cells) (Section 4.4.4). 
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6.4 Conclusion 
The toxicological data of sodium cyanide from the unicellular system (Euglena gracilis Z and SMZ) 
was regressed against the chicken responses and subsequently used to propose a mathematical 
equation for selected migratory birds whose LD50 values are available in the literature. The results 
showed a good relationship (correlation coefficient R2= 0.9858 and 0.9663) between the two 
models (Euglena gracilis Z and SMZ and chicken); thereby Euglena gracilis cells have been shown 
as having the potential to provide a more advanced model to predict cyanide (that is present in TSF 
waters at gold mines) toxicity to wildlife including birds. 
The Predictive Model is demonstrated as capable of providing an estimate of a species-specific safe 
CN level (NOAEL and LOAEL) in the water that migratory birds may access at TSFs of gold 
mines. The Euglena model provides a more practical basis for risk assessment to wildlife from 
cyanide exposure and has the potential to replace or decrease testing with laboratory animals. The 
Euglena model can be a useful tool for predicting tailings water cyanide and metal toxicity whereas 
chemical testing alone may be inadequate. 
Comparison of predicted toxicity levels for cyanide exposure to known species of migratory birds 
with the statistical relationship between Euglena gracilis Z or SMZ and chicken and the 50 mg/L 
ICMC guideline value indicates that the current guideline may underestimate the risk for some bird 
species such as Mallard duck Anas platyrhynchos, American kestrel (AK) and Black vulture (BV) 
based on 200 mg CN/L as a safe dose in chickens. 
No Observable Adverse Effect Level (NOAEL) of zinc- and copper-cyanide complexes mixed 
species for Mallard duck is probably agrees with the 50 mg/L WAD CN value advised by ICMI 
(2006). 
The toxicity order of WAD CN in chickens is similar to that found for Euglena gracilis SMZ. 
From the predictive equations (Equations 6-5 and 6-6) our data have led to the conclusion that the 
current guideline of 50 mg WAD CN/L may not be totally safe to some sensitive wildlife.  
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Chapter 7 : General Discussion  
7.1   Review of Aims and Objectives  
The aim of this study was to develop Euglena gracilis Z and SMZ as an unicellular in-vivo model to 
evaluate the toxicity of copper-cyanide and zinc-cyanide complexes related to mining and calibrate 
this model against chickens as a surrogated model for the migratory birds.  
The project was conceptually divided into the following phases: 
i.  The first phase was to establish a reliable method for measuring the cytotoxicity of metal-
cyanide complexes using Euglena gracilis Z and SMZ strains. 
ii. The second phase was to use the chickens as a surrogated toxicity model for the migratory birds. 
iii.  The third phase was to relate, statistically the two toxicity models (Euglena gracilis and 
chicken) to obtain a predictive equation for toxicity in chicken (birds) based on the Euglena 
cytotoxicity data. 
iv.  The fourth phase was to apply subsequent work to gold mine tailings supernatant. 
 
Resazurin assay was modified and tested as a suitable cytotoxicity assay for measuring the toxicity 
of metal-cyanide complexes using E. gracilis Z and SMZ strains. A comparison between the IC50 
values for Z and SMZ (exposed to various concentrations of zinc-cyanide mixed species) obtained 
from absorbance 610 nm, resazurin assay and counting cells (Table 4-4) showed that resazurin 
assay agreed with the counting cells whereas absorbance at 610 nm gave poorer agreement (Figure 
4-12). Therefore, it is concluded that resazurin assay is a suitable assay for Euglena gracilis (Z and 
SMZ) to achieve a more reliable measurement of toxicity response to cyanide and cyanide 
complexes IC50. 
The Z and SMZ strains have varying sensitivity to Cu, Zn, sodium cyanide, copper-cyanide and 
zinc-cyanide complexes and they are more sensitive to cyanide and metal-cyanide complexes of Cu 
and Zn. 
Euglena gracilis Z and SMZ (as an in-vivo model) and the chicken (as a surrogated model for the 
migratory bird) displayed a toxicity response to various concentrations of sodium cyanide. The two 
in-vivo models are in good agreement and enable the development of using the Euglena model to 
predict a species-specific safe CN- concentration of drinking water for birds. As shown in Section 
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5.4.4 the relationship between the LDs in chickens and LCs from Euglena cytotoxicity data of 
NaCN has yielded Equations 6-5 and 6-6 for the prediction. 
The determination of the safe level of CN- in chickens was based on chickens dosed with NaCN to 
derive NOAEL and LOAEL values (Section 3.6.3).  
The potential use of Euglena gracilis as a screening tool was further tested in a tailings solution. It 
has been shown that E. gracilis has the necessary sensitivity to give a cell-response to 
concentrations less than the guideline of 50 mg/L WAD cyanide. Therefore, Euglena cell-based tool 
can be used to screen for toxicity in mine tailings and alert management so that timely intervention 
can be actioned. 
The Euglena gracilis cell-based tool has been proven to be both capable and reproducible and 
relatively rapid with a turn-around assay time of 24-48 hours. 
The fact that Euglena gracilis can grow in acidic pH which simulates the upper G.I. tract of animals 
(e.g. chickens and birds) where dissociation of metal-cyanide complexes occurs, presents itself a 
more versatile model than other algal cells that generally requires near neutral pH condition for 
growth. 
Another useful application of E. gracilis is for testing acid rock drainage samples. In addition, E. 
gracilis cell cultures are easy to maintain and required relatively few and inexpensive equipment for 
the implementation of such a screening assay.  
Commercial laboratories and/or the mining companies would be able to set up this bioassay 
economically. This bioanalytical assay affords a distinct advantage over pure analytical cyanide 
speciation tests is that it provides an assessment for the potential toxicity/risk of a mixture-solution. 
Collectively, this PhD study has addressed the aim and objectives of the project. 
 
 
7.2   Use of Euglena gracilis Z and SMZ to understand toxicity mechanism of 
cyanide  
Euglena gracilis is a photosynthetic, eukaryotic flagellate. It has photosynthesizing chloroplasts 
within the body of the cell, which enable them to feed by autotrophy, like plants or it can adapt 
heterotrophic mode of growth, like animals (Einicker-Lamas et al. 1996). Since Euglena gracilis 
has features of both animals and plants and the respond to different stimuli, this makes it an 
organism of choice for understanding toxicity mechanisms (Einicker-Lamas et al. 2002).  
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Euglena gracilis Z (plant-like) and SMZ (animal-like) has been used extensively in the laboratory as 
a model organism to provide anticipated results about the toxicity of some metals and compounds 
as the models for plants and animals (Einicker-Lamas et al. 2002).  
Heavy metals are commonly accumulated in the chloroplast under photosynthetic conditions or in 
the mitochondria under heterotrophic conditions (RodrÍguez-Zavala et al. 2007). 
However, the difference between a photosynthetic (Z) and non-photsynthetic (SMZ) protist to 
cyanide toxicity requires understanding the manner in which cyanide alters cellular respiration in 
this organism. The mitochondrial respiration pathway divided into cytochrome pathway (ATP-
coupling) and the alternative oxidase (AOX) pathway. The alternative oxidase (AOX) pathway is 
resistant to cyanide (Vanlerberghe and McIntosh 1997). A respiratory activity resistant to cyanide 
has been described in mitochondria isolated from Euglena gracilis Z kept in the dark 
(heterotrophic). Importantly, it has been shown that growth of stressed cells was highly sensitive to 
AOX inhibitors and resistant to cyanide. The alternative oxidase (AOX) activity involved in the 
management of oxidative stress in Euglena gracilis (Castro-Guerrero et al. 2004). 
Devars et al. (1992) suggested that endogenous respiration to cyanide in Euglena gracilis Klebs 
(cells similar to Z grown in the dark) is related to the cytoplasmic substrate made available in 
different media. Further, there is no correlation determined between the content of alternative 
oxidase and the rate of cyanide-resistant respiration (Devars et al. 1998). 
In the current study, the effects have been investigated of toxic concentrations (using modified 
resazurin assay) of copper sulfate and zinc sulfate (Section 4.3.2) on two contrasting strains of E. 
gracilis, with and without chloroplasts, grown in culture (K-H medium) promoting either 
phototrophic or heterotrophic growth of Z and SMZ respectively. 
The differences between the two Euglena strains (Z and SMZ) were very pronounced for estimation 
of copper and zinc toxicity, respectively (Section 4.3.2). 
The exposure of E. gracilis to CuSO4.5H2O (as a control for copper-cyanide complex mixed 
species) showed a significant differences between the toxicity of Z and SMZ cells after 48 h. The 
IC50 was 314 µM (95% CI: 272 to 362.5) and 1830 µM (95% CI: 1318 to 2540) for Z and SMZ, 
respectively (Table 4-3).  
The data have shown that Euglena gracilis SMZ is more resistant to Cu toxicity. This feature of the 
SMZ strain is probably more related to animals, which are usually less copper-sensitive than plants 
(Rocchetta and Küpper 2009). 
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Zinc sulfate (as a control for zinc-cyanide complex mixed species toxicity) showed a significant 
differences between the toxicity of Z and SMZ cells after 48 h (Section 4.3.2). The estimated IC50 
for Euglena gracilis Z was 8461 µM (95% CI: 7336 to 9759) and 22768 µM (95% CI: 16200 to 
32000) for SMZ (Table 4-3). 
The data have shown that E. gracilis Z model is more sensitive to Zn toxicity as Zn is more of a 
toxicity concern in plants than animals (Asano 1998). 
These results suggest that E. gracilis SMZ strain was exhibited as an animal model for the toxicity 
of Cu and Zn, respectively. 
The exposure of E. gracilis to sodium cyanide, copper-cyanide complex mixed species and zinc-
cyanide complex mixed species at various concentrations (Section 4.4.3) showed no significant 
differences in term of the toxicity between Z and SMZ strain, respectively. 
Despite the fact that cyanide may cause more toxicity to SMZ strain than Z strain (McKay 2013) 
due to the presence of alternative oxidase (AOX) in the plant mitochondria (cyanide-resistant 
alternative oxidase in their respiratory chain) (Yoshida et al. 2007; Zhang et al. 2010), no statistical 
differences between Z and SMZ strain were observed in relation to sodium cyanide or zinc- and 
copper-cyanide complexes toxicity.  
These findings suggested that Euglena gracilis Z cells (plant like) and SMZ cells (animal like) did 
not provide predicted results about the toxicity of sodium cyanide, copper-cyanide complex mixed 
species and zinc-cyanide complex mixed species toxicity complexes as the models for plants and 
animals, however, from a toxicological view point; it is sufficient to consider them as a model of 
protozoa. 
Moreover, a laboratory test to determine if Euglena gracilis can be effectively applied to mine 
tailings sample was performed. Fortunately, this organism showed its toxicity response and the 
response sensitivity is within the 50 mg/L WAD cyanide test requirement. The extension of the 
Euglena gracilis model (Z and SMZ) for screening the toxicity of cyanide and metal-cyanide 
complexes from tailings water can be potentially applied in the risk assessment and management of 
cyanide in tailings storage facilities at gold mines. 
In view of the above, both strains of Euglena gracilis (Z and SMZ) as unicellular in-vivo models can 
be used to evaluate the toxicity of cyanide, copper-cyanide and zinc-cyanide complexes related to 
gold mining; thus giving the researchers the options of using either strain for short-term toxicity test 
of cyanide and metal-cyanide complexes that may be present in TSFs. 
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7.3   Generalise model for predicting and assessing cyanide toxicity using 
Euglena gracilis  
Validation of the Euglena cell-based assay against the chicken model as a surrogate toxicological 
model for birds was undertaken. The applicability of Euglena gracilis Z and SMZ strains as a 
bioanalytical model for assessing the toxicity of free and metal-cyanides was examined based on its 
demonstrated sensitivity as a unicellular tool used in several environmental toxicity assessments 
(Einicker-Lamas et al. 1996; Einicker-Lamas et al. 2002; Watanabe and Suzuki 2002; Ahmed and 
Häder 2010). 
Moreover, E. gracilis as a bioassay model offers the possibility of comparing the plant-like and 
animal-like responses within the same test method as described above (Section 7.2). 
It is important to note that the acidic pH is required to assess the toxicity of metal-cyanide 
complexes because this condition is representative of the bird digestive system and these cyanide 
complexes can dissociate under acidic conditions and released the free cyanide (Section 1.3.2, 
Figure 1-3) either in the digestive system of bird (upon ingestion) or in the acidic environment 
(when it disposed into tailing storage facilities for long term). 
Therefore, the proposed test species requires an ability to tolerate a low pH such as pH 3.5 that is 
relevant to the upper gastro-intestinal tract of birds and for the acidified tailings with cyanide 
residue.  
Euglena gracilis fulfils these requirements as a versatile model compared with other algal cells that 
generally require near neutral pH condition for growth; accordingly Euglena gracilis was selected 
for this study. 
This study is aimed to establish a cell-based assay for the toxicity screening of free and metal-
cyanide complexes which can be potentially used in the risk assessment and management of 
cyanide in tailings storage facilities in the gold mining industry. Figure 7-1 shows a conceptual 
model for the application of Euglena gracilis Z and SMZ as an in-vivo model to predict cyanide 
toxicity in gold mine TSFs using the correlations with chicken toxicity. 
Euglena gracilis Z and SMZ were grown in K-H medium at pH 3.5 (optimum pH of growth) as the 
acidic pH 3.5 can simulate the upper G.I. tract of chickens, birds and other wildlife species. 
Euglena gracilis Z and SMZ (as an in-vivo model) were exposed to various concentrations of 
sodium cyanide to obtain the 50% inhibition of growth rate (IC50) and subsequently the related 
dose-response curve was plotted. It is worth noting that the percentage of HCN to CN- is 100% at 
pH 3.5 (Figure 1-2). 
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Chickens as a surrogated model for the migratory birds were dosed orally with sub-lethal doses of 
NaCN (Section 3.6.3). 
Subsequently, the relationship (correlation) of Euglena gracilis and chicken toxicity to predict 
cyanide toxicity was established (Section 6.3.1). Two predictive equations (Equations 6-5 and 6-6) 
were generated to predict toxicity in chickens and birds based on the Euglena cytotoxicity data (Z 
and SMZ). 
Based on NOAEL and LOAEL of NaCN in chickens (Section 5.4.2), the relative toxicity of cyanide 
across selected bird species is derived as shown in Table1 6-6. 
As the International Cyanide Management Code (ICMC) (Section 1.1) has set 50 mg/L WAD 
cyanide released into TSFs to be safe for the wildlife protection (ICMI 2006), the safe level of 
cyanide in selected bird species was compared with the 50 mg/L WAD CN value (Section 6.3.4). 
E. gracilis strains Z and SMZ have the sensitivity to give a cell-response to concentrations less than 
the guideline of 50 mg/L WAD cyanide, thus E. gracilis is proposed to be used as a screening tool 
to monitor toxicity of free cyanide, copper- and zinc-cyanide complexes that are present in gold 
mining tailings supernatant. 
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Figure 7-1: Conceptual flow chart for using Euglena gracilis Z and SMZ (as an in-vivo model) 
to predict cyanide toxicity in gold mines 
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7.4    General toxicological assessment for the 50 mg/L ICMC benchmark value 
Overview of the toxicological assessment for the 50 mg/L ICMC guideline that obtained from the 
current study is presented here. As illustrated in Figure 7-1, the prediction equation can give the 
safe dose of other birds species as well as compare it with the 50 mg WAD CN /L guideline. 
As E. gracilis is sensitive to CN concentrations of tailings water less than the guideline of 50 mg/L 
WAD cyanide (Section 4.4.5), chickens also showed toxicity responses after administration of a 
single oral dose of 22 mg WAD CN/L. Although treated chickens with tailings water showed no 
serious clinical signs of toxicosis, some gross pathological changes in the intestine and in the liver 
and kidney were detected (Section 5.3.3).  
The results also showed that the safe level of cyanide NOAEL (Table 6-6) for Mallard duck Anas 
platyrhynchos, American kestrel (AK) and Black vulture (BV) were lower than the 50 mg WAD 
CN/L (ICMC) value (26, 38 and 46 mg CN/L, respectively). 
These findings suggested that concentrations of WAD CN less than the 50 mg/L can produce 
adverse effects to chickens and potentially to the Mallard duck Anas platyrhynchos, American 
kestrel (AK) and Black vulture (BV) as these bird species are more sensitive to cyanide toxicity 
than the domestic chicken (Table 5-1). 
Even though the results showed that zinc- and copper-cyanide complexes NOAEL that are 
calculated for the very sensitive species such as Mallard ducks (Section 6.3.5) are in agreement with 
the industry protective concentration 50 mg/L WAD CN, a limitation of this study is that the 
chickens were dosed once only in a volume of 0.1 mL/100 g BW (water requirement for chickens 
21 day old is about 180 to 200 mL per day) (Section 7.4).  
As a consequence, the amounts of tailings water contaminated with cyanide that birds consume can 
play an important role in their toxicity. In the real environment, birds may be exposed to cyanide in 
TSFs during their migratory path more than once as there are no other sources of water available.  
Therefore, the evaluation of the tailings water toxicity (e.g. for bird species) regarding the 50 mg 
WAD CN/L ICMC is justified and further research is warranted. 
 
 
 
 
 
 
 
 
151 
 
Chapter 8 : Conclusion and Future work 
In the present study we performed toxicological screening of copper sulfate, zinc sulfate, sodium 
cyanide, copper-cyanide complex mixed species, zinc-cyanide complex mixed species and one 
environmental sample (mine tailings solution) in Euglena gracilis Z and SMZ. Resazurin assay has 
been modified and chosen as a suitable screening tool for this study.  
Euglena gracilis Z and SMZ were grown in Koren- Hutner medium at pH 3.5 (optimum pH of 
growth) showed better toxicity results than the growth of Euglena (strain SMZ) in composite 
medium at pH 5. 
Euglena gracilis Z and SMZ showed a difference in susceptibility to metal toxicity, as E. gracilis 
SMZ strain was exhibited as an animal model for the toxicity of Cu and Zn, respectively. 
The two strains of Euglena gracilis Z and SMZ as unicellular an in-vivo model can be used to 
evaluate the toxicity of cyanide, copper-cyanide and zinc-cyanide complexes related to gold mining.  
The toxicity data that obtained from the calibration of the toxicological data of sodium cyanide 
from the unicellular cells (Euglena) against chickens as a surrogated model for the migratory birds 
showed a good statistical relationship between the two models; thereby Euglena provides the most 
efficient way to measure the toxicity of cyanide and WAD cyanide complex solutions (copper and 
zinc) that is generated from gold mining processing water. 
The Predictive model is capable of estimating a safe CN level in the drinking water (mine tailings 
solution) for birds particularly the migratory birds that cannot find other “clean” water sources. The 
screening bioanalytical tool provides a basis for risk assessment and can potentially replace the use 
of laboratory animals for toxicity testings and reduces routine chemical cyanide speciation 
measurements.  
Sodium cyanide NOAEL and LOAEL in chickens were experimentally determined to be at 200 and 
400 mg CN/L, respectively. However, limited number of dosed concentration (one oral dose) and 
small number of chickens (n=3) were tested.  
The experimentally determined No Observable Adverse Effect Level (NOAEL) in chickens 
suggested that copper-cyanide complex mixed species and zinc- cyanide mixed species are less 
toxic than NaCN based on molar CN released but all values were within an order of magnitude of 
each other.  
Further, the safe level of CN- for selected wild birds species was estimated by using literature data 
for identifying the NOAEL and LOAEL. 
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From the predictive equations and treated chickens with tailings solution contains less than the 
ICMC value, the data have led to the conclusion that the current guideline of 50 mg WAD CN/L 
may not be totally safe to some sensitive wildlife. 
A limitation of this study is that the chickens were dosed once only in a volume of 0.1 mL/100 g 
BW for NaCN, copper-cyanide complex mixed species and zinc-cyanide complex mixed species 
and in volume equivalent to 10% and 20% of their body weights for the tailings sample. The effect 
of repeated doses and longer term exposure remains uncertain. For instance, water requirement for 
chickens 21 day old is about 180 to 200 mL per day with small ingestion volumes each time 
(PoultryCRC 2011). 
This study was based on and limited to observation of the clinical signs (e.g. head shaking, gasping, 
and ataxia) following administration of sub-lethal doses of cyanide and metal-cyanide complexes, 
which cannot be quantified for comparison among critical toxicity level and treatments. However, 
this observation is considered to be semi-quantitative as it described the degree of clinical signs 
leading to potential toxicity or harm that could result in death. 
The toxicity assessment of WAD CN in chickens and Euglena gracilis leads to the potential of this 
bioassay organism for screening cyanide and WAD cyanide complexes toxicity of mine tailings 
solution in the gold mining industry can be applied. Because the tailings water is a mixture of both 
free cyanide and WAD CN and Euglena is sensitive enough to provide a toxicity profile and an 
estimation of the total cyanide concentration in the contaminated water. 
The applicability of unicellular microorganisms for environmental monitoring needs to accumulate 
data on their responses and sensitivities to various toxicants. Cells can reveal continuous changes 
through passages. Cells are likely to be more sensitive or tolerant (resistant) to pollution during their 
life cycle. It can be difficult to relate observed effects to certain types of environmental stress. The 
applications of some bioassays in monitoring and assessment programmes do not always provide 
precise information on the identity of a contaminant unless supplementary information of chemical 
analyses is available. Other details of ecological relevance of some observed responses may not be 
known. Fluctuating environmental conditions can affect the sensitivity and rate, and range of 
responses of the organisms or methods and provide false-positive or false-negative results 
(UNEP/WHO.1996). 
The key limitation of Euglena system is that the physiological composition and therefore perhaps 
the response of Euglena is different to that in chickens. Although, Euglena gracilis SMZ adapts the 
heterotrophic mode of growth (animal-like) and responds to different stimuli, it may not necessarily 
provide the true results as the animal models. However, it was interesting in this study to compare 
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the response of Euglena gracilis to cyanide as an environmental stressor and to calibrate and 
validate it with animals (chickens). Euglena gracilis cells have been shown as having the potential 
to provide a more advanced model to predict cyanide (that is present in TSF waters at gold mines) 
toxicity to wildlife including birds. 
The present study may be the first to investigate the toxicity of copper cyanide-complex mixed 
species and zinc-cyanide complex mixed species by using the in-vivo model (Euglena) and relating 
this model with chicken as an animal model for birds. The toxicity of two other cyanide complexes 
(nickel-cyanide and cobalt-cyanide) has been studied in this laboratory by using the same test 
organism (Euglena) in another project (Teimouri Sichani 2014). 
Future work may include studying other cyanide complexes (weak and strong) for calibration 
purposes using chickens or ducklings as a model for migratory birds. Future work should also 
investigate short and long term toxicity with multiple-doses of cyanide and WAD cyanide in 
chickens. Further validation and wider testings of mine tailings solution and acid mine drainage 
water (environmental samples) from different mining sites should be included in future studies. By 
measuring the IC50 (inhibitory concentration, 50%) of Z and SMZ cells after treatment by copper, 
zinc and copper- and zinc-cyanide complexes as a mixture it is possible to calibrate the toxicity 
mixture of pure chemical solutions against chicken or duckling as in-vivo models. 
Exploration of other endpoints (e.g. gravitactic orientation or photosynthesis and pigments in 
(Euglena) may make Euglena gracilis more sensitive and provide more applicable options for 
environmental monitoring. 
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Appendices  
Appendix I: Analysis of one mine tailings solution 
 
 
 
 
 
 
 
 
 
 
CSIRO: Minerals Down Under National Research Flagship
Date:
Client: Barrick - Cowal Gold Mine
Ref: 1/12/2013 samples
Sample ID pH
Tail  1 8.5
* in most case is l ikely to be unfiltered fine solids
Cyanide Speciation
Sample ID
OCN
- 
(mg/L)
SCN
- 
(mg/L)
Cu    
(mg/L)
Fe    
(mg/L)
Ni (mg/L)
Calculated
#1
 WAD 
cyanide 
(mg/L CN)
Calculated
#2
 Total 
cyanide 
(mg/L CN)
Tail  1 1510 1200 42 BDL BDL 36.7 37.0
#1 - free cyanide + 2 or 3 CN/Cu + 4 CN/Ni
#2 - free cyanide + 2 or 3 CN/Cu + 4 CN/Ni + 6 CN/Fe
#3 - Italics indicate end-point not detected by software and -350 mV (vs. Ag/AgCl) used as end-point potential.
WAD CN
(mg/L)
Total CN
(mg/L)
Calc WAD 
error (%)
Calc Total 
error (%)
22.2 24.1 65 54
Sulfur Speciation
Sample ID
SCN
-        
(mg/L)
S
2-      
(mg/L)
S2O3
2- 
(mg/L)
SO3
2- 
(mg/L)
SO4
2- 
(mg/L)
S - ICP
   (mg/L)
Tail  1 1200 0.0 40 0 5620 2225
ICP-OES Analysis Results
Sample ID
Cu        
(mg/L)
Fe     
(mg/L)
Ni  (mg/L) Zn  (mg/L) As   (mg/L)
Ag   
(mg/L)
Au   
(mg/L)
Na
(mg/L)
Co
(mg/L)
Tail  1 44.7 0.11 0.04 2.43 0.06 0.02 0.05 5696 0.31
16/12/2013
Precipitate in sample*
2563
Calculated S  (mg/L)
BDL
Free cyanide
#3
 (mg/L 
NaCN)
grey
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Appendix II: Analysis of various concentrations of NaCN solutions preserved with or without 
NaOH (these concentrations have been used for dosing Euglena) 
 
 
*NaCN solutions preserved with NaOH (pH= 11); NaCN solutions preserved without NaOH 
(pH from 7.5 to 10.22) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample #
Measured Expected Measured Expected
1 0.00 0.00 0.05 0.00
2 0.00 0.00 0.02 0.00
3 11.9 15.6 12.6 15.6
4 12.1 15.6 12.7 15.6
5 50.1 62.5 53.0 62.5
6 49.3 62.5 47.8 62.5
7 198 250 198 250
8 195 250 200 250
*9 0.00 0.00 0.06 0.00
*10 0.00 0.00 0.00 0.00
*11 14.3 15.6 14.9 15.6
*12 15.6 15.6 15.5 15.6
*13 60.6 62.5 60.7 62.5
*14 60.2 62.5 60.1 62.5
*15 224 250 224 250
*16 221 250 223 250
WAD cyanide (µM) Total cyanide (µM)
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Appendix III: Analysis of copper-cyanide mixed species (pH 11) and zinc-cyanide mixed 
species (pH 10) (samples were used for dosing Euglena) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample #
Measured Expected* Measured Expected* Measured Expected^ Measured Expected^
1 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.00
2 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.00
3 15.5 15.6 16.2 15.6 0.26 0.25 0.03 0.00
4 15.5 15.6 16.5 15.6 0.26 0.25 0.02 0.00
5 62.9 62.4 61.5 62.4 1.01 0.99 0.03 0.00
6 62.9 62.4 63.5 62.4 1.01 0.99 0.02 0.00
7 237 249 262 249 3.98 3.95 0.03 0.00
8 244 249 254 249 4.00 3.95 0.02 0.00
9 962 1000 1038 1000 16.3 15.9 0.03 0.00
10 925 1000 1000 1000 16.3 15.9 0.03 0.00
11 0.00 0.00 0.00 0.00 0.10 0.00 0.02 0.00
12 0.00 0.00 0.00 0.00 0.06 0.00 0.03 0.00
13 15.5 15.6 14.9 15.6 0.04 0.00 0.11 0.26
14 15.9 15.6 16.0 15.6 0.03 0.00 0.10 0.26
15 59.2 62.4 59.6 62.4 0.03 0.00 0.41 1.02
16 57.3 62.4 59.6 62.4 0.02 0.00 0.42 1.02
17 214 250 238 250 0.03 0.00 2.39 4.09
18 214 250 231 250 0.03 0.00 2.44 4.09
19 841 1000 888 1000 0.04 0.00 13.3 16.3
20 841 1000 851 1000 0.03 0.00 13.7 16.3
* c(CuCN) x 4 for Cu solutions; c(ZnCN) x 4 for Zn solutions
^ c(CuCN) x 63.546 for Cu solutions, c(ZnCN) x 65.39 for Zn solutions
WAD cyanide (µM) Total cyanide (µM) Cu (mg/L) Zn (mg/L)
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Appendix IV: Analysis of various concentrations of NaCN solutions preserved with or without 
NaOH (these concentrations were used for dosing chickens) 
 
 
 
 
*NaCN solutions preserved with NaOH (pH= 11); NaCN solutions preserved without NaOH 
(pH= 10.7 to 11) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample #
Measured Expected Measured Expected
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 88.8 107 92.1 107
4 85.1 107 84.6 107
5 33.3 42.8 34.6 42.8
6 33.3 42.8 34.6 42.8
7 15.5 21.4 16.2 21.4
8 15.5 21.4 15.4 21.4
*9 0.00 0.00 0.00 0.00
*10 0.00 0.00 0.00 0.00
*11 85.1 107 84.6 107
*12 88.8 107 88.5 107
*13 33.3 42.8 32.7 42.8
*14 31.4 42.8 32.7 42.8
*15 15.5 21.4 16.2 21.4
*16 14.1 21.4 14.8 21.4
WAD cyanide (mM) Total cyanide (mM)
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Appendix V: Analysis of copper-cyanide mixed species (pH=11) and zinc-cyanide mixed species (pH= 10)  
(samples were used for dosing chickens) 
 
 
Sample # WAD and Total Cyanide (mM) Cu (mg/L) Zn (mg/L) 
 
 
Measured Expected* Measured Expected^ Measured Expected^ 
 
 
WAD Total  From email From metal assay 
 
From email 
 
From email WAD/Metal 
1 0.00 0.00 0.00 0.00 0.02 0.00 N/A N/A 
 2 0.00 0.00 0.00 0.00 0.02 0.00 N/A N/A 
 3 142 142 150 177 2808 2382 N/A N/A 3.21 
4 145 144 150 176 2801 2382 N/A N/A 3.28 
5 105 103 100 124 1962 1588 N/A N/A 3.41 
6 105 105 100 125 1982 1588 N/A N/A 3.37 
7 36.4 35.8 40 50.4 800 635 N/A N/A 2.89 
8 36.3 34.9 40 50.1 796 635 N/A N/A 2.89 
9 0.00 0.00 0.00 0.0 N/A N/A <0.02 0.00 
 10 0.00 0.00 0.00 0.0 N/A N/A <0.02 0.00 
 11 144 144 150 176 N/A N/A 2873 2451 3.28 
12 146 147 150 176 N/A N/A 2882 2451 3.32 
13 103 104 100 121 N/A N/A 1985 1635 3.38 
14 102 104 100 121 N/A N/A 1975 1635 3.39 
15 40.9 42.0 40 55.5 N/A N/A 908 654 2.95 
16 42.8 40.4 40 55.8 N/A N/A 913 654 3.06 
          * c(CuCN) x 4 for Cu solutions; c(ZnCN) x 4 for Zn solutions 
     ^ c(CuCN) x 63.546 for Cu solutions, c(ZnCN) x 65.39 for Zn solutions 
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Appendix VI: Composite and Koren-Hutner media ingredients 
 
 
(A) Composite medium ingredients 
 
Ingredients g/L 
Bacto-tryptose 2  
Yeast extract 2 
Liver infusion broth 0.1 
Sucrose 10 
 
 
(B) Koren-Hutner medium ingredients 
 
Macro nutrients g/L Micronutrient (Dilute x100) and 
vitamins 
mg/L 
Arginine monohydrochloride 0.5 EDTA disodium 50 
Aspartic acid 0.30 Ammonium iron II sulfate hexahydrate 50 
Glucose 12 Magnesium sulfate 18 
Glutamic acid 4 Zinc sulfate 25 
Glycine  0.3 Ammonium molybdate tetrahydrate 4 
Histidine monohydrochloride 0.05 Copper sulfate 1.2 
Malic acid 6.5 Ammonium metavanadate 0.5 
Sodium citrate 0.5 Cobaltus sulfate heptahydrate 0.5 
Succinic acid disodium 0.1 Boric acid 0.6 
Ammonium sulfate 0.5 Nickel (II) sulfate hexahydrate 0.5 
Ammonium bicarbonate 0.25 Vitamin B 1 2.5 
Potassium dihydrogen orthophosphate  Vitamin B 12 0.005 
Magnesium carbonate 0.6   
Calcium carbonate 0.12   
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Appendix VII: Estimation of HCN vapour above the test sodium cyanide solution 
 
 
Table AVII.1 Calculations giving % saturation of HCN in the vapour phase of the sodium 
cyanide solution at equilibrium 
 
Nominal 
HCN 
concentration 
(µM) 
Cyanide 
solution 
CHCN-solution 
(mol L-1 ) 
PHCN (partial pressure 
of HCN) (atm) 
(using K HCN = 
0.10142) 
CHCN-vapour  
= pHCN-vapour (atm) /  
(R) x (T0K) 
(gmol/cm3 x 103= 
mol/L) 
% saturation 
HCN 
(vapour/solution) 
  
12 12 × 10 -6 12 × 0.10142/106 4.977 × 10-5 4.1475 
49.7 49.7 × 10-6 49.7 × 0.10142/106 2.0615 × 10-4 4.14788 
197 197 × 10-6 197 × 0.10142/106 8.1714 × 10-4 4.1479 
 
 
Estimation of solute and vapour volumes in 2 mL vial 
(i) Volume of 1.4 mL water in 2 mL vial  
 
Weight of vial + 1.4 mL demineralised water+ lid = 3.76500 g ±.008717 
Weight of vial only plus cap   = 2.2884± 0.007 g 
Difference     = 1.47665 g (Density of water = 1.000 (Therefore 
weight g = volume mL) 
Volume of 1.4 mL demineralised water = 1.477 mL 
 
(ii) Volume of headspace in 2 mL vial + lid with 1.4 mL water 
 
Weight of vial full with demineralised water + lid = 4.2108± 0.0143 
Weight of vial + lid only     = 2.2884± 0.007 g 
Difference (internal weight/volume of 2 mL vial) = 1.92239  
Subtract weight of 1.4 mL demineralised  -2.2884 g 
Difference      = 0.4457 g 
Volume of 1headspace above 1.476 mL demineralised water = 0.4457mL 
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Appendix VIII: Serial dilutions of the solutions of different toxicants 
 
A. Concentrations of the each toxicant have been used to determine the IC50 for Z and SMZ cell 
in Composite medium 
 
Toxicant Concentration 
CuSO4 Ranging from 390 to 12.500 µM 
ZnSO4 Ranging from 1560 to 25,000 µM 
NaCN Ranging from 24.3 to 3125 µM 
 
 
B. Concentrations of the each toxicant have been used to determine the IC50 for Z and SMZ cell 
by using optical density in K-H medium. 
 
Toxicant Concentration 
CuSO4 Ranging from 390 to 12.500 µM 
ZnSO4 Ranging from 1560 to 25,000 µM 
NaCN Ranging from 24.3 to 3125 µM 
Copper-cyanide complex mixed species at 
pH 11 
Ranging from 15 to 1000 µM 
Zinc-cyanide complex mixed species at pH 
10 
Ranging from 15 to 1000 µM 
 
 
C. Concentrations of the each toxicant have been used to determine the IC50 for Z and SMZ cell 
by using resasurin assay in K-H medium. 
 
Toxicant Concentration 
CuSO4 Ranging from 150 to 10.000 µM 
ZnSO4 Ranging from 780 to 25,000 µM 
NaCN Ranging from 15.6 to 250 µM 
Copper-cyanide complex mixed species at pH 11 Ranging from 15 to 1000 µM 
Zinc-cyanide complex mixed species at pH 10 Ranging from 15 to 1000 µM 
  
 
 
D. Concentrations of the toxicant that have been used to determine the IC50 for Z and SMZ cell 
by using counting cells with a haemocytometer in K-H medium. 
 
Toxicant Concentration 
 
Zinc-cyanide complex mixed species at pH 10 
 
15 to 1000 µM 
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Appendix IX: One way ANOVA analysis of measured concentrations of the NaCN solutions 
with or without NaOH preservation compared to the expected concentrations (samples were 
used for dosing Euglena) (Figure A, B and C) 
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Appendix X: Feed analysis label for the chicken starter as stated by the manufacturer 
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Appendix XI: The optimised standard operating procedures (SOPs) for resazurin assay 
 
 
Title: Development of resazurin assay to measure the half maximal inhibitory concentration (IC50) 
of Euglena gracilis Z and SMZ. 
Purpose: Develop a cytotoxicity assay for Euglena gracilis Z and SMZ to determine the IC50 values 
of pure salts solutions of copper sulfate, zinc sulfate and sodium cyanide, copper- and zinc-cyanide 
complex mixtures and one environmental sample (mine tailings). 
Outline: This assay is based on the reduction of resazurin (blue and non-fluorescent) by living cells 
to resorufin (pink and brightly fluorescent). Resazurin assay estimates mitochondrial enzyme 
activity, which is related to the metabolically active cells. The amount of resazurin conversion is 
proportional to the number of metabolically active living cells. 
 
Preparation of the resazurin dye 
1. Resazurin sodium salts (Lot #: MKBH0244V, Sigma –Aldrich) store it away from light at 4○C. 
2. Prepare a sterilised phosphate buffered saline (PBS) at pH 7. 
3. Prepare 400 µM of resazurin dye in sterilised phosphate buffered saline (PBS) at pH 7 solution 
and store it away from light at 4○C. 
 
Sample preparations 
Equipment: Centrifuge (IEC MICROMAX CENTRIFUGE, USA) and centrifuge tubes 1.5mm with 
push caps (Eppendorf®, 022363204 (USA). 
 
1.  Following the exposure of E. gracilis Z and SMZ to the different toxicants, replace the culture 
medium of E. gracilis (K-H medium pH 3.5 and the cells) from the test vial to the centrifuge 
tubes 1.5mm with push caps. 
 
2. Centrifuge the cells suspension at 10,000 rpm (9056 g) for 5 min and discard the K-H medium 
pH 3.5.  
  
3. Wash the cells with filtered water (adjusted to pH 7) by centrifuging the cells and discarding the 
water. 
 
4. Repeat step 3 twice to make sure there is no source of acidity from the K-H medium. 
 
5. Accurately add 1.4 mL of filtered water (pH 7) to the washed cells. 
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Modified resazurin assay protocol 
 
Equipment: 96 well micro-plates (3596 Costar®, Corning Incorporated, NY, USA) plate, incubator 
and FLUOStar Optima microplate reader (BMG LABTECH, Allmendgruen 8, D-77799 Ortenberg, 
Germany). 
 
1. Add 200 µL out of the cell suspension (filtered water at pH 7) to well of 96 well plate.  
 
2. Add to each well 8 µL of 400 µM resazurin dye 
 
3. Read the fluorescence (530 nm excitation and 590 nm emission wavelengths) at time zero using 
a FLUOstar Optima microplate reader. 
 
4. Incubate the 96 well plate at 37ºC in the dark for 4 h to allow cells to convert 
  resazurin (blue) to resorufin (pink). 
 
5. Shake the plate for 10 seconds. 
 
6. Reread the fluorescence (530 nm excitation and 590 nm emission wavelengths) after 4h. 
 
 
Calculation of Results (Fluorescence Data) 
 
1. Subtract the average of fluorescence values of the culture medium background (filtered water 
adjusted to pH 7) from all Fluorescence values of experimental wells. 
 
2. Plot fluorescence versus concentration for each exposure data. 
 
 
 
 
Quality Assurance and Quality Control QA/QC 
1. Each test should include a blank containing complete medium without cells to determine      
background fluorescence that may be present. 
 
2. Set up wells with untreated cells to serve as a negative control. 
 
3. Set up wells containing cells treated with a compound known to be toxic to the cells used in your 
model system to serve as a positive control for cytotoxicity. 
 
4. Run 6 replicates (wells) for each treatment including the negative and positive control samples 
for accuracy and quality of the results. 
 
 
 
Limitation: Possibility of fluorescent interference from compounds being tested and the often 
overlooked direct toxic effect on the cells. Also cultures containing microorganisms should not be 
assayed using this method. 
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Appendix XII: Statistical analysis for comparison of test results for Euglena gracilis 
 
 
XII.A t-test between Euglena gracilis strain Z and SMZ cells 
 
XII.A.1 t-test results for Z and SMZ cells treated with CuSO4 and NaCN in composite medium (absorbance 
610 nm) 
 
 
Column B SMZ 48 h CuSO4  
vs. vs. 
Column A Z 48 hCuSO4 
Unpaired t test 
P value 0.0587 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=3.944 df=2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XII.A.2 t-test results for Z and SMZ cells treated with CuSO4, NaCN, copper-cyanide complex mixed 
species and zinc-cyanide complex mixed species in K-H medium (absorbance 610 nm) 
 
Column A SMZ48 h CuSO4 
vs. vs. 
Column B Z cell 48 h CuSO4  
Unpaired t test 
P value 0.0541 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=4.121 df=2 
 
 
 
Column B Z cells 48 h NaCN 
vs. vs. 
Column A SMZ 48 h NaCN  
Unpaired t test 
P value 0.3190 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=1.315 df=2 
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XII.A.3 t-test results for Z and SMZ cells treated with CuSO4, ZnSO4, NaCN, copper-cyanide complex 
mixed species and zinc-cyanide complex mixed species in K-H medium (resazurin assay) 
 
 
Column B Z 48 h CuSO4 
vs. vs. 
Column A SMZ48 h CuSO4 
Unpaired t test 
P value 0.0268 
P value summary * 
Significantly different? (P < 0.05) Yes 
One- or two-tailed P value? Two-tailed 
t, df t=3.421 df=4 
Mean ± SEM of column A 1895 ± 461.3, n=3 
Mean ± SEM of column B 315.7 ± 19.96, n=3 
Column A 
SMZ 48 h 
NaCN 
vs vs 
Column B Z 48 h NaCN  
Unpaired t test 
P value 0.9011 
P value summary ns 
Are means signif. different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=0.1405 df=2 
Column B Z 48 h CuCN  
vs. vs. 
Column A SMZ 48 h CuCN  
Unpaired t test 
P value 0.0770 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=3.391 df=2 
Column A SMZ 48 h ZnCN  
vs vs 
Column B Z 48 h ZnCN 
Unpaired t test 
P value 0.8025 
P value summary ns 
Are means signif. different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=0.2848 df=2 
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Column B Z 48 h ZnSO4 
vs. vs. 
Column A SMZ 48 h ZnSO4 
Unpaired t test 
P value 0.0342 
P value summary * 
Significantly different? (P < 0.05) Yes 
One- or two-tailed P value? Two-tailed 
t, df t=3.159 df=4 
Mean ± SEM of column A 26653 ± 5759, n=3 
Mean ± SEM of column B 8461 ± 11.02, n=3 
Column B Z cells 48 h NaCN 
vs. vs. 
Column A SMZ cells 48 h NaCN 
Unpaired t test 
P value 0.1258 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=1.930 df=4 
Mean ± SEM of column A 38.84 ± 0.5544, n=3 
Mean ± SEM of column B 45.29 ± 3.293, n=3 
Column B SMZ 48 h CuCN 
vs. vs. 
Column A Z 48 h CuCN 
Unpaired t test 
P value 0.9137 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=0.1154 df=4 
Mean ± SEM of column A 39.39 ± 4.705, n=3 
Mean ± SEM of column B 38.84 ± 0.5544, n=3 
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Column B SMZ 48 h ZnCN 
vs. vs. 
Column A Z 48 h ZnCN 
Unpaired t test 
P value 0.5981 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=0.5718 df=4 
How big is the difference? 
Mean ± SEM of column A 16.89 ± 4.372, n=3 
Mean ± SEM of column B 20.36 ± 4.205, n=3 
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XII.B  One- way ANOVA analysis of IC50 (means) values for Euglena gracilis strain Z and SMZ after 48 h exposure to zinc-cyanide complex 
mixed species, copper-cyanide complex mixed species and sodium cyanide (resazurin assay) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Number of families (for SMZ cells) 1 
Number of comparisons per family 3 
Alpha 0.05 
Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary 
Sodium cyanide vs. Copper-cyanide complex mixed species -116.5 -159.0 to -73.98 Yes *** 
Sodium cyanide vs. Zinc-cyanide complex mixed species  -42.60 -85.13 to -0.06301 Yes * 
Copper-cyanide complex mixed species vs. Zinc-cyanide complex mixed species 73.91 31.38 to 116.4 Yes ** 
Test details Mean 1 Mean 2 Mean Diff. SE of diff. 
Sodium cyanide vs. Copper-cyanide complex mixed species 38.84 155.4 -116.5 13.86 
Sodium cyanide vs. Zinc-cyanide complex mixed species  38.84 81.44 -42.60 13.86 
Copper-cyanide complex mixed species vs. Zinc-cyanide complex mixed species 155.4 81.44 73.91 13.86 
Number of families (for Z cells) 1 
Number of comparisons per family 3 
Alpha 0.05 
Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary 
Sodium cyanide vs. Copper-cyanide complex mixed species -112.3 -177.2 to -47.38 Yes ** 
Sodium cyanide vs. Zinc-cyanide complex mixed species  -22.28 -87.16 to 42.61 No ns 
Copper-cyanide complex mixed species vs. Zinc-cyanide complex mixed species 89.99 25.11 to 154.9 Yes * 
Test details Mean 1 Mean 2 Mean Diff. SE of diff. 
Sodium cyanide vs. Copper-cyanide complex mixed species 45.29 157.6 -112.3 21.15 
Sodium cyanide vs. Zinc-cyanide complex mixed species  45.29 67.57 -22.28 21.15 
Copper-cyanide complex mixed species vs. Zinc-cyanide complex mixed species 157.6 67.57 89.99 21.15 
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XII.C One- way ANOVA analysis of IC50 values for Euglena gracilis strain Z and SMZ after 
48 h exposure to zinc-cyanide complex mixed species obtained from absorbance at 610 nm, 
resazurin assay and counting cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tukey's multiple comparisons test  
(for Z) Mean Diff. 95% CI of diff. Significant? Summary 
Absorbance 610 nm vs. Resazurin assay 82.51 39.69 to 125.3 Yes ** 
Absorbance 610 nm vs. Counting cells 79.71 32.80 to 126.6 Yes ** 
Resazurin assay vs. Counting cells -2.803 -45.62 to 40.01 No ns 
Test details Mean 1 Mean 2 Mean Diff. SE of diff. 
Absorbance 610 nm vs. Resazurin assay 99.40 16.89 82.51 12.01 
Absorbance 610 nm vs. Counting cells 99.40 19.70 79.71 13.16 
Resazurin assay vs. Counting cells 16.89 19.70 -2.803 12.01 
Tukey's multiple comparisons test  
(for SMZ) Mean Diff. 95% CI of diff. Significant? Summary 
Absorbance 610 nm vs. Resazurin assay 84.44 66.34 to 102.5 Yes *** 
Absorbance 610 nm vs. Cell Counting 74.21 54.37 to 94.04 Yes *** 
Resazurin assay vs. Cell Counting -10.24 -28.34 to 7.868 No ns 
Test details Mean 1 Mean 2 Mean Diff. SE of diff. 
Absorbance 610 nm vs. Resazurin assay 104.8 20.36 84.44 5.080 
Absorbance 610 nm vs. Cell Counting 104.8 30.60 74.21 5.564 
Resazurin assay vs. Cell Counting 20.36 30.60 -10.24 5.080 
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Appendix XIII: Transformation of percentage mortalities to probits as from (Randhawa 
2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
